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CC 

cn  -  D/q_s 


CDp  -  D,AuS 


Characteristic  area 

Disc  area ;  for  propellers 

Actuator  disk  area  lor  tunnel  thruster 

Cross  section  area  of  jet  sheet  or  jet  stream  of  a  propeller  or  jet 
Aspect  ratio 

Section  (2D)  lift-curve  slope  =  C  (foil  section) 

*o 

Magnetic  induction  vector 

Dimensional  power  coefficient  for  propellers 

Boundary  layer  control 

Span  of  control  surface  or  wing 

Span  of  flap 

Static  merit  coefficient 

C  irculation  control 

Drag  coefficient  of  finite-space  planform 

Aerodynamic  drag  coefficient,  total  C„  minus  jet  reaction 
part,  also  called  Ct)  or  pressure  drag 
p 

Jet  power  coefficient  (sec  Equation  (51)) 

Equivalent  finite-aspect-ratio  drag  coefficient 
Induced  drag  coefficient 

l>rag  coefficient  for  parachute,  based  on  total  fabric 
area 

Noz/.lc  drag  coefficient,  for  ducted  propellers 

Drag  coefficient  for  parachute,  based  on  projected 
area 

Profile  drag  coefficient  for  finite  aspect  ratio,  total  viscous 
drag  friction  ♦  viscous  pressure  drag 
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ct  -  L/q.S 
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t  j-  (or  (',  ) 


c«. 

C  s  *  L<2D)/q_c 
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C«Q 

rSfi 

C  r  *  P/q^  U—c 


CF  "  P/0.U.Ao 

<VR  “V^-vs* 

c  Pf  «  Pf/q-SU. 
cr  -Pf/q.VSf 


Jet  reaction  force  coefficient  in  drag  direction,  for  blowing 
jet  devices 

Section  drag  coefficient 

Equivalent  section  drag  coefficient,  see  Equation  (103) 

Integrated  average  of  Cj  (across  the  span) 

Section  profile  drag  coefficient 

Section  wake  or  profile  drag  coefficient 

Effective  fluid  friction  coefficient  for  rotating  cylinder 
torque 

Ideal  static  merit  coefficient,  based  on  ideal  power 
Lift  coefficient  of  finite-span  planform 
Aerodynamic  or  pressure  lift  coefficient 


Lift  coefficient  due  to  circulation,  i.c.,  pressure  or 
aerodynamic  lilt  coefficient 

Jet  reaction  force  coefficient  in  lift  direction,  for 
blowing  |ct  devices 

Section  lift  coefficient 

Theoretically  achievable  section  lift  coefficient,  with 
flap 

Slope  of  C'p  with  respect  to  angle  of  attack  a 

Slope  of  Cj  with  respect  to  (lap  deflection  angle  6 

Section  power  coefficient  for  a  variety  of  21)  powered  lift 
augmentation  devices,  here  P  is  the  applied  power-per-umt 
span 

Power-loading  coefficient,  for  propellers 

Rntating-flap  power  coefficient,  based  on  area 
sr  *bct  cr  mCr„  (cr/c> 

Fluid-power  coefficient,  or  general  fluid-control,  pumping 
power 

Rotating-cylindcr  fluid-torque  power  coefficient,  based  on  area 
Sf  =  b  d.  where  d  =  diameter,  b  =  span 
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Pressure  coefficient 


Cy  *  Q/U_c 
Cy  *Qt/U..S 
CT  *  T/q_Ao 
CT  *T/q.L 
Cp  *  mV,/q_c 


C^forCj)*  mT  V^S 


c' 


CN 
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D 

D. 

»N 
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Section  flow  quantity  coefficient 

Total  flow-quantity  coefficient,  finite-aspect  ratio 

Thrust-loading  coefficient;  for  propellers 

Time-averaged  2D  thrust  coefficient;  for  swimming  plates 

Section  jet  momentum  coefficient 

Critical  jet  momentum  coefficient  required  to  achieve 
theoretically  realizable  lift  increment  with  blown  flaps 

Jet  momentum  coefficient  for  nose  and  rear  flap  blowing, 
respectively 

Jet  momentum  coefficient  for  trailing  edge  flap  blowing 
Total  jet-momentum  coefficient  for  finite-span  planform 
Chord  length,  usually 

Wave  speed  for  travelling  deformation  or  magnetic  field  intensity 
Total  effective  chord  length  with  flap  extended 
Average  chord  length  for  tapered  planform 
I  lap  chord  length,  in  usual  trailing  edge  location 
Nose  flap  chord  length 

Drag  force,  usually  refers  to  drag  on  fimte-aspect-ratio 
planform.  for  lifting  surfaces 

Propeller  diameter,  for  propellers 

Induced  drag  on  finite-span  planform 

Nozzle  (or  duct!  drag  force 

Profile  drag  force  for  fimte-aspect-ratio 

Profile  drag  force  for  fimte-aspect-ratio.  as  modified  by  powered- 
augmentation  device 

Diameter  of  rotating  cylinder 
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hf 
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Flap  chord  ratio;  for  flapped  lifting  surfaces 

EIcctncTickl  vector 

Ratio  of  seniiperirtietcr-to-spari 

Factor  for  induced  drag  coefficient  for  non-clliptic  planforms 

Specific  pressure  energy 

Specific  kinetic  energy 

Correction  factor  for  flap  lift  increment 

Elementary  vortex  distribution 

Finite-span  correction  factor  without  and  with  jet 
blowing,  respectively 

Finite-span  correction  on  lift-curve  slope,  constant 
section  wing 

Side  force,  for  propellers 
Acceleration  of  gravity 
Total  head  in  units  of  length 
Total  system-head  loss  for  waterjets 
Pump-head  loss 

Ambient  or  free-stream  total  head 
Average  slot  height  for  blowing  or  suction 
Advance  coefficient 
Current  density  vector 
Power  parameter  (see  Equation  ( 181 )) 

Head  loss  coefficient  for  waterjets  (see  Fquation  ( lbb)) 

Side  force  coefficient 

Head  loss  coefficient  for  waterjets  (sec  Fquation  ( Ib5)) 
Propeller  power  coefficient.  I)  =  propeller  diameter 
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Rotating-flap.  power  coefficient,  based  on  peripheral 
velocity  u  and  SR  =  b  cf 


KrR  “Pr  /  2  Pu’S, 


=  Qp/pn'  I>‘ 

Kr  a  T/pn1 1)4 


Kx .  Ky 
K,.Kt 

Ko-  k6 

K,. 


k  =  V  /V 

i  ° 
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L 
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t-r 

m 
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P/D 

P, 


Propeller  torque  coefficient 

Side  force  coefficient 

Propeller  thrust  coefficient 

Thrust  coefficient  for  nozzle  (duct) 

Time  averaged  nondimcnsional  thrust;  for  swimming  plate 
thrusters 

Propeller  X-forcc  (thrust)  and  Y -force  (side)  coefficients 

Propeller  side  and  vertical  force  coefficients 

Partial  span  factors  (sec  Hquations  (12)  and  (13)) 

Circulatory  lift  limit  factor 

Ratio  of  jet  velocity  to  free-stream  velocity;  for 
waterjets 

Dimensionless  wave  number,  for  swimming  plates 
Wave  number 

Lift  force,  usually  on  finite-span  planform 
Length  of  plate,  for  swimming  plates 
Leading  edge 

Swimming  plate  time-averaged  lift 

Mass  flow  rate  per  unit  span 

Total  mass  flow  rate,  finite-aspect  ratio 

Angular  specs!,  usually,  revolutions  per  second 

Specific  speed 

Power,  general 

Pitch-to-diameter  ratio;  for  propellers 
F  luid  power,  the  pumping  power  for  fluid  control 


XXI1I 


p, 

p 

p» 

Q 

Q  or  Qp 
q  *  ■  pvl 

•U  *  l  pU» 

Kc  *  Vmt/¥ 

r 
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S, 

s 

T 

TF. 

t 

t/c 

^-(V..V0.V) 


Ideal  power 

Rot  a  ting-foil  or  rotating-flap  power 
Rotating  cylinder,  fluid-friction  power 
Static  pressure 
Vapor  pressure  of  water 

Flow  rate  quantity  for  blowing  or  suction  flow  control 
Propeller  torque 

Dynamic  pressure  in  flow  of  velocity  v 
Ire  e-stream  dynamic 

Characteristic  Reynolds  number;  •'  =  kinematic  viscosity, 
t  characteristic  length,  usually  a  lilting  surface  chord  length 
unless  specified  otherwise 

Radius  of  rotating  cylinder 

Total  planform  area,  for  lifting  surfaces 

Planform  area  affected  by  flaps,  for  lifting  surfaces 

Total  fabric  area  for  parachute 

Projected  area  of  canopy  for  parachute 

Thrust  force  or  total  lateral  force  for  thrusters 

Trailing  edge 

Foil  thickness,  usually 

Thick nesa-to-chord  ratio 

Frce-stream  velocity 

Peripheral  velocity  of  rotating  cylinder  or 
rotating  flap 

Surface  velocity  of  moving  belt 

Average  jet  velocity,  for  blowing  jets,  for  waterjets.  or  for 
tunnel  thrusters 
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Average  tunnel  or  tube  flow  velocity 
Local  flow  velocity 

Lateral  displacement  of  swimming  plate 
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Angle  of  attack 
Rake  angle 

Area  ratio,  for  tunnel  thrusters 
Area  ratio 

Circulation  strength 

Increment  in  C^  due  to  actuation  of  powered  device 

Iheorctically  realizable  lift  coefficient  increment 

Change  in  total  head  m  units  of  length 

Map  deflection  angle  for  TF  flapped  foils 

Dimensional  diameter  coefficient  for  propellers 

Map  deflection  angles  for  compound  Haps 

Angle  of  )ct  sheet  from  chord  line 

Nose  Hap  deflection  angle 

Planform  correction  tactor  for  induced  drag 

Universal  empirical  functions  for  incremental  drag  on  foils 
with  mechanical  flaps 

Head  Uns  coefficient  for  waterjets 

Nozzle  loss  coefficient  for  waterjets 

Efficiency  for  propellers,  etc. 

Static  merit  coefficient  =  C 

Froude  efficiency  for  waterjets 

Propeller  blade  pitch  angle 
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Collective  pitch  angle 

Advance  coefficient,  for  propellers 

Swecpback  angle,  for  lifting  surfaces 

Universal  functions  for  incremental  lift  on  lolls  with 
mechanical  flaps 

Lift  increment  factor  for  auxiliary  flap 
Ratio  Vo  V(;  for  waterjets 
Kinematic  viscosity 

Mass  flow  ratio  (ga»- to- water)  tor  jirjupmcnlnJ 
waterjet 

l  ovs  coefficients,  for  thrusters 
S'ondtmcnsional  heave  amplitude 
Nondime nsional  pitch  amplitudes 
Ljector  loss  factor 
Mass  density  of  water 
Mass  density  of  air 

Diffusion  parameters,  for  ducted  propellers  and  tunnel 
thruster 

Conductivity  of  seawater,  for  electromagnetic  propulsion 
Reduced  frequency  parameter,  for  swimming  plates 
Vapor  cavitation  number 

Ratio  of  propeller  thrust  to  total  thrust  for  ducted 
propeller 

Thrust  augmentation  ratio  *  total  augmented  thrust/ 
thrust  of  primary  jet.  for  electors 

Steering  angle,  for  cycloidal  propellers 

Angular  speed  in  radians  per  second 


Two-dimensional 


ABSTRACT 


Th»  report  ts  a  collection  of  information  about  the  force  producing  capabilities 
and  characteristics  of  some  hydrodynamic  devices  that  could  possihly  Ik-  used  lor 
the  control  of  submarines  or  surlacc  ships  Emphasis  is  on  the  variety  of  concepts 
available  for  this  purpose,  something  about  the  physical  nature  of  how  each  device 
operates,  and  descriptions  of  the  forces  attainable  Out  ol  all  the  devices  consid¬ 
ered.  a  preliminary  judgment  is  formed  of  those  devices  that  seem  most  likely  to 
be  ol  use  in  the  immediate  future 


ADMINISTRATIVE  INFORMATION 

The  work  reported  herein  was  authorized  and  funded  under  a  subtjsk  ol  the  Direct  lab 
oratory  Funded  Project  "Improved  Control  for  Advanced  Submarines.”  carried  out  under 
Program  I  lenient  6275N.  lack  Area  Af  43  423  001  3kork  I'mt  l-15b3-OOI 


INTRODUCTION 

Because  of  the  increasing  sire  and  range  ol  speed  ol  submarines  and  many  other  types 
ol  marine  vehicles,  there  is  interest  in  improving  the  capabilities  ol  control-force  producers 
for  maneuvering  jnd  course  keeping  For  advanced  submarine  designs,  it  will  become  more 
important  to  reduce  or  eliminate  the  incompatibility  between  high  and  low  speed  operations, 
curtail  large  motions,  reduce  the  possibility  ot  control-system  casualties  such  as  control  plane 
jam  and  flooding  and  explore  ultrascrsatilc  controls  lot  coordinated  maneuvering  In  many 
>.4scs.  the  devices  or  concepts  that  might  he  candidates  (or  achieving  good  control  perform¬ 
ance  have  been  known  (or  some  l..nc  I  his  report  presents  a  survey  of  such  control  devices 
and  concepts  I  he  list  ol  concepts  is  not  exhaustive,  however,  it  does  include  all  devices 
that  the  authors  have  been  able  to  uncover  that  have  met  the  requirement  that  the  device  lx" 
known,  either  by  experiment  or  by  sound  theoretical  or  physical  reasoning,  to  be  capable  of 
producing  the  promised  force 

The  purpose  of  this  report,  aside  from  cataloging  these  devices,  is  to  provide  (ll  outlines 
of  the  force  producing  characteristics  of  each  device  when  available,  and  (2l  preliminary 
ludgments  about  the  general  feasibility  of  their  use  for  submarine  control  The  outlines  arc 
based  on  whatever  published  nonclassificd  knowledge  exists  for  each  device  No  attempt  at 
nrw  analysis  ts  made  in  this  report  Further  work,  both  experimental  and  analytical,  will  be 
needed  to  cover  the  details  of  the  selected  devices 

This  survey  emphasizes  the  variety  of  potentially  useful  hydrodynamic  force-producer 
concepts  The  specific  geometry  appropriate  to  a  submarine  application  is  outside  the  scope 
of  this  effort  Certain  characteristics  which  influence  the  usefulness  of  control  concepts  arc 
not  addressed  in  detail  in  this  report  These  include  operational  restrictions,  durability. 
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complexity,  sizing.  noise  production,  weight.  volume,  and  cavitation  problems  associated  with 
individual  flow -control  techniques.  However,  whenever  an  item  has  an  especially  conspicuous 
disadvantage,  this  tact  will  In*  noted. 

SCOPE  OF  THE  STUDY 

Most  ol  the  important  known  lluid  mechanical  devices  lor  ship  or  aircralt  control  are 
considered  here  I  he  devices  are  divided  into  three  broad  categories  according  to  the  general 
character  of  the  force  produced 

1  Force  due  to  circulation,  i  e  ,  hydrodynamic  lift  where  lift  is  used  in  a  general  sense 

2  Hydrodynamic  reaction  force  due  to  jet  momentum 

t  I  sternal  forces  created  by  electromagnetic  fields  or  by  a  towed  drag-  or  lilt  and 
drag  producer 

Ml  devices  that  seem  appropriate  for  a  marine  vehicle  cai  lie  fitted  into  one  of  these  categories. 

Appendix  A  presents  summaries  of  information  concerning  each  force- producer  concept 
1  he  material  is  organized  into  three  main  chapters,  corresponding  to  the  physical  character 
of  the  force  production  A  complete  list  of  all  the  concept  names  is  given  at  the  beginning 
ol  Appendix  A  Within  the  chapters,  each  concept  is  discussed  in  an  outline  format  which 
contains  the  following  items 

1  The  name  ol  the  device  or  group  of  similar  devices 

T  A  description  of  the  operation  and  configuration 

t.  I  stimates,  when  possible,  of  the  magnitude  of  torecs  produced,  i.e  .  the  lift  or  usable 
force  and  the  drag  force  penalty  Estimates  of  the  power  consumed  and  the  effects  of  some 
gross  geometric  lactors  such  as  finite  spjn  are  included  as  are  short  discussions  of  the  mode 
of  power  input,  possible  application  of  the  device  and  probable  effectiveness,  mechanical 
complexity,  and  any  major  disadvantages  or  limitations  when  these  are  known 

Each  outline  is  somewhat  self-contained.  Some  of  them  are  more  complete  than  others 
due  to  availability  of  information  or  because  certain  force-producer  concepts  seem  to  be 
intrinsically  more  practical  and  offer  more  meaningful  prospects  for  marine  applications 

Reference  material  for  this  study  is  taken  from  books,  journal  publications,  and  reports 
in  the  literature  of  hydro  and  aerodynamics.  Also,  an  extensive  patent  search  for  ideas  was 
conducted  by  the  authors  at  the  U  S  I’.itcnt  Office  Ihe  patent  classification  categories 
covered  by  this  search  arc  listed  in  Appendix  B  It  was  found  that  most  of  the  important 
and  potentially  useful  ideas  were  not  confined  to  patent  files,  if  they  ever  originated  there 
typically,  many  worthwhile  concepts  emerge  in  the  open  technical  literature  and  are  pre¬ 
sented  therein  in  a  more  convincing  way  than  in  a  patent  disclosure 


l~hc  scope  ol  this  study  perforce  docs  not  include  a  quantitative  discussion  of  the  effects 
of  cavitation  on  each  individual  concept.  This  is  due  mainly  to  the  lack  of  test  data  in  water 
lor  the  vast  majority  ot  the  items.  However,  some  general  observations  can  lx  made  here  as 
a  framework  for  interpreting  pertinent  data  whenever  available.  I  or  many  of  the  force- 
producer  devices  that  have  originated  in  the  aeronautical  technology,  cavitation  is  not  a 
problem  and  is  rarely  discussed  Of  course,  devices  that  are  used  on  high-performance  air¬ 
planes  may  be  required  to  cope  with  compressibility  effects  at  high  subsonic  Mach  numbers 
Hut  these  cttects  are  qualitatively  different  from  the  problems  encountered  in  an  inherently 
two-phase  situation  such  as  cavitalmg  flow  I  or  applications  in  water,  cavitation  can  pose 
definite  limitations  on  performance  This  could  be  especially  true  of  the  great  variety  of 
power-augmented  circulatory  lift  devices  foils  with  slot  blowing,  slot  suction,  rotating 
cylinders,  etc  when  suction  pressure  peaks  at  the  foil  nose  and  near  the  flow-control 
apparatus  would  lx  susceptible  to  cavitation  inception  at  high  speeds  and  shallow  submergences 
I  he  elementary  criterion  lor  the  cavitation  inception  is 


where  C  “(p,.  p„ )  q„„  *  pressure  coefficient 

"mui 

=  (p_  pi  q„  =  sapor  cavitjtion  number 

pt  *  vapor  pressure.  »  0.25  psi  for  seawater  at  601 

pm  *  local  minimum  static  pressure  along  the  foil 

To  establish  orders  of  magnitude  at  a  submergence  depth  of  1*)  feet,  the  vapor  cavitation 
numbers  are  at  *  4b  I.  1 1  5.  and  2  y  at  l  ,,  3  5.  10.  and  20  knots,  respectively  At  a  depth 
of  46  feet,  the  values  of  r»>  for  the  same  speeds  are  70  f.  I  7.5.  and  4  .17.  respectively 

Some  comments  can  be  made  about  the  implications  of  these  numbers  Based  on  a 
review  of  the  typical  foil-surface  pressure  distributions  measured  or  calculated  for  all  of  the 
various  circulatory  lift  devices  discussed  in  Appendix  A.  for  thickness-texhord  ratio  (t  c) 
nominally  >  12  percent,  and  for  two-dimensional  (21)1  lift  coefficients  (  .  <  2  0.  the  suction 
peak  magnitudes  are  typically  >  10  0  For  the  low-speed  range  from  0  to  10  knots, 

where  power-augmented  devices  on  submarines  are  most  appropriate,  and  for  the  large  depths 
of  expected  submarine  operation,  the  cavitation  numbers  quoted  previously  indicate  that 
cavitation  inception  associated  with  foil-surface  suction  peaks  will  not  be  a  problem  for  any 
of  the  force-producer  devices  noted  in  this  survey.  It  is  recognized  that  the  two  most  im¬ 
portant  factors  influencing  the  conditions  for  foil  surface  cavitation  are  lift  coefficient  (circu¬ 
lation  strength  1  and  foil-thickness  ratio  The  magnitudes  of  the  suction  pressure  peaks  are 
made  more  extreme  by  increasing  the  foil  circulation  strength  On  the  other  hand,  the 
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prakcdncss  of  the  suction  pressure  iimr  can  he  flattened,  and  the  suction  peak  values  can  Ixr 
reduced  significantly  h>  increasing  the  toil  t  c  keeping  the  lift  coefficient  constant  Of 
course  increasing  toil  thickness  carries  the  penalty  of  increasing  the  profile  drag 

\side  from  hemg  an  important  general  indicator,  the  simple  criterion  of  foil-surface 
vasitation  is  not  the  complete  story,  and  great  caution  must  he  exercised  in  this  area  It  is 
likcls  that  cas nation  in  narrow  gaps  or  in  internal  ducting  will  impose  earlier  inception 
tsuindanes  than  the  exte-.iai  section-shape  pressure  peaks  I  his  means  that  expected  trouble 
spots  will  he  in  the  gaps  between  rotating  cylinders  ami  the  foil  or  between  the  hull  and  a 
defies  ltd  control  plane  and  in  the  narrow  slits  of  typical  blowing  or  suction  nozzles.  I  his  is 
v.jux  ot  the  loval  very  high  tluid  velocities  anticipated  jt  these  locations  At  this  time 
there  is  a  general  task  of  daia  about  the  effects  of  cavitation  in  these  instances,  especially  for 
very  high  lilt  devices,  and  further  research  is  required 

A  second  point  indicated  by  the  cavitation  numbers  quoted  previously  is  that  at  higher 
speeds  ot  >20  knots,  actuation  of  a  powered  lift-augmenting  device  could  very  quickly  pro¬ 
duce  a  locally  cavitating  flow  along  the  surface  of  the  foil,  either  at  the  nose  or  near  the 
(low  control  device  I  his  means  that  certain  powered  devices  are  increasingly  less  appropriate 
at  high  speeds  While  it  may  be  possible  that  some  amount  of  cavitation  will  not  necessarily 
significantly  degrade  performance  of  many  augmentation  schemes,  the  accompanying  hydro- 
dynemu  noise  would  definitely  lx-  undesirable  tor  submarine  applications  Again  there  is  a 
lack  of  experimental  data  to  use  as  a  guide  concerning  this  question 

SUMMARY  AND  CONCLUSIONS 

RANKING 

I  jvh  item  in  the  entire  collection  of  devices  discussed  in  Appendix  A  can  be  ranked  in 
three  groups  as  to  its  possible  usefulness  The  ranking  definitions  arc  as  follows 

Group  I  l  he  device  seems  to  have  promise  for  practical  application  on  submarines 
within  the  framework  of  present-day  designs 

Group  2  The  device  or  concept  is  interesting,  perhaps  useful,  however,  it  is  cither  not 
directly  applicable  to  the  present  overall  submarine  configuration  or  there  is  insufficient 
information  available  to  speculate  about  operation  of  the  device  in  a  manne  environment. 
Group  3  The  device  is  not  practical  for  submarine  application 

The  relative  rankings  presented  as  follows  have  been  determined  partly  on  the  basis  of 
a  qualitative  judgement  and  partly  by  direct  quantitative  comparison  of  hydrodynamic  per¬ 
formance  Results  of  the  ranking  arc  given  in  1  able  I.  The  order  in  which  the  items  are 
arranged  within  each  group  is  not  based  on  preference  but  merely  corresponds  to  the  order 
of  appearance  in  Appendix  A 
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TABLE  I  RELATIVF  RANKING  OK  FORCE  PRODUCER  CONCEPTS 


Item 

Page  Number 

GROUP  1 

Mechanical  Flap* 

23 

Mechanical  Slats 

43 

Mechanical  Spoilers 

47 

Internally  Blown  Mechanical  Flaps.  Leading  and  Trailing  Edges 

66 

Elector  Flaps.  Augment  or  Wing 

114 

Jet  Flaps 

77 

Circulation  Contro'  by  Tangential  Jet  Blowing 

96 

Blowing  Stabilised  Trapped  Vortex  Foil 

128 

Spanwne  Blowing 

144 

Airteedmg  to  Alter  Ldt 

155 

Blowing  to  Kill  Ldt.  Fluid  Spoilers 

163 

Trailing  Edge  Slot  Suction  Foil 

171 

Rotating  Cylinders.  Leading  and  Trailing  Edges  and  Flap  Knee 

195 

Rotating  F lap  Foil 

218 

lateral  Tunnel  Thruite*  Propeller  Driven  Ejector  and  Ejector 

with  Jet  Flap  Diffusion 

252 

GROUP  2 

Or  rentable  Propeller  Devices 

279 

Augmented  OnentafWe  Waterier* 

320 

Controllable  Pitch  Propellers 

354 

Propellers  with  Blowing 

363 

Extern*!  Blowing  Upper  end  Lower  Surface  Deflected 

Slipstream 

141 

Combined  Blowing  and  Suction  Devices 

122 

Miscellaneous  Slot  Blowing  Concepts 

134 

Parachutes.  Drogues,  and  Parawings 

373 

GROUP  3 

Suction  Through  Slots.  Other  Than  Trailing  Edge 

165 

Area  Suction  Devices 

181 

Suction  Stabilised  Trapped  Vortex  Foils 

190 

Moving  Belts 

228 

Rotating  Foils 

218 

Swimming  Plate  Lift *ng  Surfaces 

233 

Impeller  in  Wing 

273 

Oners  table  Plain  Waterjets 

310 

Vertical  Axis  (Cycloidal)  Propellers 

338 

Large  Hub  (Hesflton)  Propellers 

347 

Electromagnetic  Devices 

367 

In  the  present  interpretation,  with  one  exception,  the  only  devices  that  qualify  lor 
Group  I  are  the  best  of  the  circulatory  lilt  producers.  These  feature  either  improved 
mecahnical  flap  performance  or  powered  lugh-hlt  augmentation.  Ihey  could  conceivably  Ik 
used  directly  on  existing  types  of  submarine  control  planes  or  on  other  winglike  components 
such  as  the  sail,  dorsal  rudders,  and  auxiliary  control  planes  lateral  tunnel  thrusters  are  also 
included  in  Group  1  because  they  are  already  in  use  on  a  specialized  submarine,  the  deep- 
submergence  rescue  vessel  (DSRV),  and  could  conceivably  Ik  employed  in  improved  lorm  on 
other  slow  speed  submarines 

Group  2  devices  are  generally  those  that  are  judged  to  he  capable  of  efficient  control- 
force  production,  however,  their  use  would  require  a  change  in  the  philosophy  ot  submarine 
control  use  of  onentablc  propellers,  till  waterjets.  deployable  parachutes,  etc.  Also  included 
are  those  devices  with  either  more  complex  geometries  or  too  little  experimental  or  analytical 
information  available  It  should  lx-  noted  that  oricntablc  propellers  or  any  type  of  trainable 
thruster  are  interesting  because  they  could  Ik  used  tor  slow-spccd  propulsion  as  well  as 
control,  m  general,  these  all  suffer  some  deficiency  at  high  speed  large  drag  and/or  degraded 
transverse  force  effectiveness  All  these  devices  would  require  more  selective  development 
for  application  to  submarines,  e  g  .  rctractabilitv  at  high  speed 

<  oncepts  in  Group  3  have  some  discernible  deficiency  as  regards  their  use  in  water  or 
on  a  submarine  such  as  an  obviously  complex  arrangement 

SELECTED  FORCE  PRODUCERS 

f  rom  the  items  in  Group  I .  there  arc  seven  concepts  that  deserve  special  attention  (or 
possible  immediate  exploitation  or  near  future  development  for  use  on  submarines  These 
arc  listed  in  Table  2 


TABLE  2  SELECTED  FORC  E  PRODUC  ERS 


Item 

Page  Number 

•  Improved  Mechanical  Flap 

23 

•  Blown  Mechanical  Flap 

56 

•  Circulation  Control  by  Tangential  Jet  Blowing 

95 

•  Rotating  Flap  Foil 

218 

•  Spanwise  Blowing 

144 

•  Rotating  Cylinder  Foili 

196 

The  basis  for  these  choices  is  a  mixture  of  engineering  judgement,  guided  in  part  by 
existing  quantitative  information  Each  of  the  devices  mentioned  is  capable  of  delivering  a 
large  or  adequate  force  at  modest  power  expenditure  without  unreasonable  complexity. 


It  is  felt  that  all  the  items  indicated  in  Table  2  arc  simple  enough  to  be  mechanically  feasible 
for  use  on  control  surfaces  for  marine  applications,  they  could  lx-  resistant  to  marine  fouling, 
and  they  have  the  fewest  obvious  disadvantages  of  all  the  devices  listed  in  Group  1 

Of  course  the  clearest  set  of  alternatives  would  lx  shown  by  providing  numerical  indexes 
for  everything  force  and  power  performance,  weight,  volume,  cost,  vibration  intensity,  noise 
production,  etc  Sufficient  information  for  such  extensive  comparisons  is  not  available  In 
the  present  work,  the  main  interest  is  in  quantitative  comparisons  of  force  and  power  One 
such  comparison  is  contained  in  figure  I,  which  shows  the  relative  hydrodynamic  etliciency. 
or  equivalent  lilt-to-drag  ratio,  versus  section-lift  coefficient  ((,)  lor  lb  representative 
circulatory  lift-producing  schemes,  including  both  unpowered  and  power-augmented  devices. 
The  equivalent  lilt-to-drag  ratio  is  a  useful  universal  parameter  that  contains  a  “power-drag 
penalty  for  powered  devices  Figure  I  pertains  to  two-dimensional  toil  performance,  and  the 
nonduncnsional  equivalent  drag  is  defined  in  general  terms  as 

(resultant  \  .  I  /  total  estimated 

1  /  —  P  bi  c  +  I 

profile  drag J  '  2  ^actuation  power 

where  c  *  chord  length 

=  tree-stream  velocity 
p  =  fluid  density 

Discussions  of  the  individual  actuation  power  estimates  lor  the  various  powered  concepts  arc 
given  throughout  Chapter  I  of  Appendix  A 

Ihe  curves  of  f  igure  I  show  that  the  section  hydrodynamic  efficiencies  of  both  the 
simple  unflapped  foil  and  the  plain  flapped  foil,  both  “unpowered"  devices,  arc  superior 
in  their  regime  of  lift  coefficient  The  plain  Happed  (oil  curve  represents  a  baseline  perform¬ 
ance  for  submarine  control  surfaces  II  large  lilt  coefficients  are  desired  such  as  for  maneuver 
mg  at  low  forward  speed,  there  arc  physical  limits  on  the  maximum  lilt  coefficient  that  can 
be  delivered  by  mechanical  changes  in  angle  of  attack  or  camber  Most  powered  devices 
involve  flow-control  techniques  aimed  at  extending  the  range  of  achievable  lift  coefficient 
figure  I  helps  identify  those  powered  devices  capable  ol  high  lift  coefficients  with  tolerable- 
drag  and-power  penalties  by  displaying  which  lift  producers  have  performance  curses  exceed 
ing  C  of  the  plain  flapped  foil  The  plot  is  not  to  be  construed  as  the  final  comparison  be¬ 
cause  it  does  not  contain  optimized  envelope  curses  for  each  concept  It  does  nevertheless 
show  representative  performance  levels 

Other  factors  entering  the  choices  in  Table  2  arc  qualitative  for  example,  although  the 
trading-edge  (TF.)  slot-suction  foil  appears  to  have  decent  hydrodynamic  efficiency,  it  shares 
a  common  defect  of  all  suction  schemes  of  being  vulnerable  to  marine  fouling  There  arc  no 
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figure  I  Hydrodynamic  Efficiency  ( Equivalent  Lift-to-l)rag  Ratiol  versus  Section  Lift  Coefficient 
for  16  Representative  Circulatory  Lift  Producing  and  Lift-Augmenting  Schemes 
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ocean  water  data  to  verify  this  opinion.  However,  of  all  the  suction  devices,  the  TK  slot- 
suction  foil  in  particular  would  still  function  effectively  it  the  flow  control  were  reversed 
to  purge  the  system,  it  could  then  perform  as  a  jet  flap  Then  for  this  example,  a  desirable 
modified  version  might  be  a  foil  with  a  IT  suction  slot,  formed  with  small  deflectable  flaps 
at  the  lips  to  act  as  jet-control  flaps  when  the  flow  is  reversed 

Once  power-augmented  lift  concepts  are  included  as  candidates  for  a  control  surface,  the 
usual  problem  of  reaching  a  saturation  level  or  maximum  lilt  coefficient,  by  increasing  angle 
of  attack  till  stall,  becomes  considerably  less  important  This  is  because  there  is  some 
powered  arrangement  that  can  be  devised  for  the  particular  mode  of  operation  that  will  de¬ 
liver  as  much  lift  as  is  needed  The  range  of  foil  angle  of  attack  for  which  this  can  be 
accomplished  depends  on  the  device  under  consideration  Some  augmentation  schemes, 
while  increasing  C,  at  small  to  moderate  angles  of  attack,  tend  to  reduce  the  stall  angle  of 
the  foil  system,  compared  with  the  unpowered  operation  An  example  of  this  is  the  simple 
internally  blown  T!  flap  These  kinds  of  devices  could  give  stall  problems  it  they  were  used 
in  an  application  in  which  large  incidence  angle  excursions  were  anticipated  For  such  devices, 
the  foil  angle  of  attack  would  have  to  lx-  carefully  limited,  and  lit t  increases  would  lx1 
governed  by  increases  in  augmentation  power  and  other  geometry  changes,  e  g  .  heavier 
blowing  over  a  larger  flap  angle  Other  kinds  of  powered  devices  perform  t  cst  at  large  angles 
of  attack,  e  g  .  leading-edge  (IT)  rotating  cylinders  and  IT  blown  flaps,  and  could  keep  on 
delivering  lift  at  angles  exceeding  the  usual  saturation  boundaries,  even  for  a  -*  ‘H)  degrees 

Of  critical  importance  are  ( I )  the  amount  of  power  needed  to  supply  lift  augmentation 
and  <2)  the  power-on  drag  penalty  to  be  paid  for  a  special  geometry,  e  g  .  a  blunt-based  foil 
shape  Power  is  the  most  important  factor  I  or  example,  with  blown  flaps  or  with  a  jet 
flap,  the  jet-reaction  force  generated  by  very  strong  blowing  would  produce  "lift”  far  beyond 
what  could  be  used  However,  the  power  requirements  would  be  large  The  most  de¬ 
sirable  techniques  are  those  th  it  use  minimal  power  to  produce  large  changes  in  circulation 
lift. 

As  will  be  seen,  there  are  great  benefits  to  lx  derived  from  schemes  for  powered-lift 
augmentation  It  would  seem  reasonable  to  propose  that  a  separate  power  system  ho  set  up 
for  lift-augmentation  purposes,  just  as  there  is  for  the  present  day  hydraulic  system 

Sample  horsepower  requirements  for  the  six  powered  types  of  selected  concepts  in 
Table  2  arc  given  in  Tabic  3,  which  gives  the  horsepower-per-unit  span  at  U,,  =  5  and 
20  knots,  needed  to  produce  an  increase  in  sectional  21)  lift  coefficient  AC,  *  I  0  on  a 
foil  of  chord  length  c  *  15  ft.  /^Reae  Here,  the  lift  increment  is  defined  as 

AC,  *  C(tpowcr  on)  —  C,(powcr  off) 
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where  i\  -  l  /  —  p  c 

L  =  lift  per  unit  span 
c  *  chord 

The  numbers  in  Cable  3  arc  representative  of  typical  good  performance  for  devices  in  the 
vicinity  of  their  individual  best  modes  of  operation,  low  or  high  a  The  poweroff  lift  coeffi¬ 
cients  are  therefore  not  all  the  same  for  all  the  devices,  and  these-  values  are  included  in  the 
last  column  ot  fable  3  Twodimensional  performance  data  are  used  to  avoid  the  various 
complications  of  aspect  ratio  and  planform  shape  from  the  comparison.  Table  3  thus  pro¬ 
vides  a  rough  estimate  of  the  absolute  magnitude  of  power  involved  with  the  various  selected 
schemes 

Another  performance  parameter  of  interest  is  the  lift-increment-per-power  ratio 
A(  (  p  where  AC  has  been  defined  previously,  and  the  two-dimensional  power  coefficient  is 
Cp  *  P  /  —  p  Ui  c.  where  P  *  power  per  unit  span  This  parameter  is  occasionally  used  for 
direct  comparisons  of  similar  power  augmented  devices  in  Appendix  A  Values  of  A(  C  p 
for  AC(  *  1  0  are  listed  in  Table  3  along  with  the  blowing  or  rotation  requirements  pertaining 
to  chord  length  =  15  feet,  and  U„  =  5  and  20  knots 

Table  4  contains  lift-increment-per-unit-powcr  values  for  the  same  t>|x-s  of  powered 
devices  as  in  fable  3;  however,  with  AC(  =  0.5.  The  corresponding  poweroff  lift  coefficients  arc 
listed  in  the  last  column  of  the  fable 

It  is  interesting  to  note  Dial  the  I  I  and  I  1  rotatmg-cylinder  devices  have  impressive 
performance,  based  on  At  (  r.  which  means  their  augmentation  effectiveness  is  very  high, 
apparently  better  than  the  slot  blowing  devices,  at  least  for  At  =  0.5  and  1  0  However, 
their  overall  hydrodynamic  efficiency,  based  on  equivalent  lift-to-drag  ratio,  is  either  compara¬ 
ble  or  poorer  This  is  evident  in  f  igure  I  The  reason  for  this  dramatic  difference  is  that  all 
rotating  cylinder  or  rotating-flap  devices  have  inherently  large  drag,  especially  at  high  rotation 
rates,  while  slot-blowing  devices  invariably  tend  to  reduce  the  foil  profile  drag  This  tradeoff 
is  an  important  feature  to  keep  in  mind  when  assessing  these  devices  for  a  particular 
application 

In  general,  for  largc-si/ed.  powered-lifting  surfaces,  having  drag  that  is  an  important 
fraction  of  the  total  vehicle  drag,  slot-blowing  devices  are  more  appropriate,  C  (d  indicates 
the  better  choice  f  or  small  -sized.  powered-lifting  surfaces  producing  a  relatively  small  con¬ 
tribution  to  the  overall  vehicle  drag,  the  rotating  cylinder  devices  might  be  the  optimum 
choice.  AC  Cp  is  more  important 

Concerning  selected  force  producers  (Table  2).  improved  mechanical  flap  systems  might 
include  gapped  or  single  slotted  flaps,  span  wise -split  flaps  for  separate  actuation  at  low  and 


TABLE  4  VALUES  OF  LIFT  INC  REMENT -PER  POWER  FOR  THE  SIX  SELECTED 
POWERED  LIFT-AUGMENTATION  SC  HEMES  OF  TABLE  3 
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Item 

Reference 

Geometry 

5 

cp 

Blowing  or 

Rotation 

Required 

Power  off 
Lit! 

Coefficient 

C, 

Blown  Trailing  Edge  Flap 

Lawlord  and 

Foster  (19701 

a  *  0° 

6, -40“ 

42  6 

C^  -  0  008 
V/U*,-  1  85 

1.30 

Circulation  Control  by 
Tangential  Jet  Blowing 

Englar  (1971) 

a  *  0° 

i7c-0  15 

rounded  ellipse 

40  4 

C^  -0  0085 
V/U,.-  1  81 

0 

Rotating  Flap  Foil 

tto 

Crabtree  (1960i 

a  *  0° 
c,/c-0  25 

AC,  measured 

from  autorotation 

603 

B 

2  89 

Spanwise  Blowing 

Duon  (1971 ) 

0  -  O' 

6,  •  40" 

75  2 

C^- 0  0061 7 
V/U  -6  072 

l 

1  62 

Rotating  Cylinders 

Leading  Edge  Cylinder 

Wolff  and  107 

Koning  (1976) 

a  -  20° 
d/c -0  2 

156  0' 

u 

—  -  0  9 

V 

081 

F  lap  K  nee 

AJvarer  Calderon 

and  Arnold  (1961) 

He*  ioe 

0-9° 

6,-40" 

d/c  »  0  1143 

26  8* 

u 

-  •  1  95 

V 

2  09 

Trailing  Edge  Cylinder 

103 

Brook*  (1963) 

a*0° 

d/c  *0  1364 

93  2*  * 

u 

—  -  0844 

V 

0 

Trailing  Edge  Slot 

Suction  Foil 

Ma/en,  Sweeney 
Lehnert,  and  g, 
Rrngleb  11953) 

a  -  10” 

_ i 

74  1 

CQ  -0  015 

1.3 
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hitch  speeds.  differentially  deflected  port  and  starboard  sailplanes.  or  dorsal  flaps  fixed  to  the 
sail  or  on  the  rudders  Another  provacativr  possibility  is  the  combination  of  an  "external 
foil  flap.”  with  a  "rotating  flap  foil  "  Versions  of  any  one  or  all  of  these  concepts  arc 
plausible  steps  toward  impnned  control 


Mechanical  leading-edge  devices  would  find  applicant!  when  a  large  angle  of  Attack  re 
quires  attention  to  the  problem  ol  leading-edge  separation  Otherwise  they  would  Ire  less 
interesting  than  improved  trailing-edge  flaps  Mechanical  or  jet  spoilers  could  tv  used  quite 
effectively  to  reduce  unwanted  lift  in  some  circumstances,  however,  they  seem  to  be  less  de¬ 
sirable  than  a  positive  lift  producer  for  an  active  control  surface 

Internally  blown  mechanical  llup  arrangements  offer  excellent  possibilities  for  versatile 
submarine  control  purposes  I  he  main  reason  is  that  they  provide  control  redundancy  .  Sub¬ 
stantial  force  production  is  achievable  at  high  speed  from  the  deflection  ol  Haps  alone.  At 
low  or  moderate  speeds,  slot-blowing  augmented  lift  ^an  be  achieved  efficiently,  especially  in 
in  the  boundary  layer  control  (BLC'i  range  It  necessary  ,  further  lilt  augmentation  is  possible 
from  su'percirculation.  provided  sufficient  blowing  capability  is  supplied  At  present,  the 
simple  Tfc  blown  Hap  is  the  most  straight  forward  application  of  this  idea  However,  the 
"ejector  flap  or  augmentor  wing,  is  a  related  flapjvd  device  that  could  provide  even  more 
impressive  low  speed  effectiveness  and  could  conceivably  ^e  retracted  into  a  folded  simple 
tlap  arrangement  for  high-speed  operation  The  latter  concept  requires  further  specialized 
development  of  a  very  robust  version  to  be  seriously  considered  for  use  in  a  marine  environment 
For  small  jmount s  of  blowing  and  for  certain  incidence  angles,  circulation  control  (CO  by 
tangential  jet  blowing  is  a  Hapless  device  that  displays  efficient  high  lift  augmentation  and  has 
the  interesting  property  of  producing  augmented  lift  nearly  independent  of  forward  speed  This 
property  is  definitely  observed  in  two-dimensional  tests  at  low  C  however,  it  is  more  difficult 
to  achieve  with  small  aspect  ratio  wings  and  heavier  blowing  rates 

Because  f  t  foil  shapes  must  have  rounded  trailing  edges,  continuous  symmetric  blowing 
through  the  upper  and  lower  slots  should  be  used  to  keep  low  values  ol  profile  drag  There 
are  experiments  that  indicate  that  this  may  be  feasible,  using  merely  ram  pressure  to  supply 
a  weak  bleeding  slot  How  necessary  for  such  "artificial  streamlining"  in  the  powerofl  mode 
It  may  be  noted  that  the  well-known  jet-flap  concept  is  also  a  Hapless  lift  augmentation 
devu  in  the  present  use  of  the  term  It  is  by  comparison  considerably  less  desirable  than 
other  simple  powered  schemes  because  of  its  lack  of  redundancy  and.  more  importantly, 
bevause  its  lift  augmentation  efficiency  is  inferior  to  the  proved  performance  of  blown  Haps, 
n  slot  suction,  or  CC  foils  using  tangential  blowing  This  can  he  shown  on  the  basis  of 
both  C  Cj  and  AC  Cf  It  is  felt  that  the  jet  flap  docs  not  qualify  for  the  selected  items 
of  Table  2 

The  rotating  Hap  foil  is  potentially  capable  of  very  high  lift  forces  accompanied  by  large 
drag  and  could  be  used  as  an  emergency  control  device,  even  with  an  autorotating  flap 

Spanwise  blowing  is  placed  in  Tabic  2  because  it  has  the  distinct  virtue  of  (icing  extreme 
ly  simple,  although  its  lift  augmentation  characteristics  arc  inferior  to  internally  blown  flaps. 
CC  foils,  and  Tf  slot  suction  This  concept  should  he  explored  in  applications  where  high 
angles  of  attack  or  large  Hap  angles  are  anticipated 
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I  he  use  of  routing  cylinders  for  ship  control  is  a  proved  success.  c  g  .  the  National 
Physical  laboratory  "super-rudder  ”  All  similar  devices  sliould  l>e  studied  carefully  for  sutv 
marine  applications  Leading-edge  cylinders  arc  appropriate  (or  (oils  at  large  deflection  angles, 
while  traihng-edge  cylinders  should  used  when  the  foil  angle  of  attack  is  always  t airly  small 
I  la (v knee  cylinder  devices  require  large  (lap  deflection  angles 

-\  real  case  for  powered-lilt  systems  can  he  made  for  the  submarine  operating  in  a  near- 
surface  hovenng  mode,  w  hen  large  forces  arc  needed  to  hold  a  constant  depth  course  The 
correct  choice  of  a  power-augmentation  scheme  could  provide  nearly  unsaturable  control  planes 
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APPENDIX  A 

EVALUATION  OUTLINES  OF  FORCE  PRODUCER  CONCEPTS 
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CHAPTER  1.  CIRCULATORY  LIFT  DEVICES 

INTRODUCTION 

( ir dilatory  hit-force  producers  arc  very  important  to  the  control  of  marine  vehicles  The 
ihve  planes,  control  planes,  and  rudders  on  submarines  are  typical  examples  They  arc  im¬ 
portant  because  of  their  simplicity  of  actuation  and  effectiveness  As  will  Ik  seen  later  in 
this  chapter,  these  same  attributes  can  Ik  improved  upon  by  several  known  concepts  that 
augment  the  basic  hit  force  generated  by  a  simple  wmgiike  planform  set  at  an  angle  of  attack 

Both  un powered  and  powered  devices  are  considered,  where  the  term  "powered"  devices 
reters  to  those  concepts  that  depend  on  a  continuous  expenditure  of  energy  to  maintain  the 
desired  fluid  mechanical  effect  jet  blowing,  suction,  rotating  cylinders,  etc.  While  with 
powered  devices,  the  hit  augmentation  can  Ik  large,  it  is  important  to  recognize  that  an  indefi¬ 
nitely  large  force  cannot  Ik  obtained,  even  in  the  ideal  limit.  For  firute-aspect-ratto  lifting 
surfaces,  there  is  a  theoretical  upper  limit  to  the  circulatory  lift  which  can  Ik  reached  only 
by  Mime  powered  lit  t  augmentation  scheme  C  irculatory  lift  is  synonymous  with  pressure  lift 
Iheretore.  it  a  blown  Hap  is  used  to  augment  total  lift,  for  example,  the  jet  reaction  force 

in  the  lift  direction  must  Ik  subtracted  from  the  resultant  lift  in  order  to  obtain  the  pressure 
lift 

I  he  mechanics  ol  the  inviscid  maximum  limit  lor  circulatory  lift,  ic  .  disregarding  entirely 
real  fluid  effects  such  as  viscous  separation  and  cavitation,  can  Ik  explained  simply  as  follows 
It  the  circulation  loading  on  a  wmg  is  increased,  the  vorticity  strength  in  the  shed  wake  sheet 
is  also  increased  in  intensity  I  he  vortex  sheet  is  displaced  downward  in  the  opposite  direction 
to  the  hit  force  by  a  larger  and  larger  angle  The  magnitude  of  the  downwash  velocity  in¬ 
duced  by  the  vortex  sheet  becomes  greater  and  may  eventually  grow  to  the  same  order  of 
magnitude  as  the  tree  stream  velocity.  I  he  inclination  of  the  wake  gives  rise  to  an  induced 
velocity  component  opposing  the  free  stream  velocity  V.  Hence,  the  effective  velocity  onto 
the  wing  V  decreases  in  magnitude,  in  addition  to  being  rotated  farther  downward  as  the 
circulation  is  increased  This  gives  rise  to  nonlinear  dependence  between  the  total  resultant 
lift  and  the  circulation  strength  figure  :  shows  how  a  strong  circulation  loading  affects 
the  resultant  flow  geometry 

A  second  effect  not  indicated  in  the  figure  is  that  the  rollup  process  of  the  flat  vortex 
sheet  wake  into  two  concentrated  vortex  cores  is  accelerated  by  increasing  the  circulation 
intensity  about  the  wing  I  he  heavier  the  planform  loading,  the  sooner  complete  rollup 
occurs  However,  this  effect  alters  the  one  described  previously  because  the  downward  pro¬ 
gression  of  the  rolled  up  vortices  is  slower  than  that  of  a  ffal  sheet  Details  of  these  phenom¬ 
ena  arc  given,  for  example. by  Cone.'*  Sato  and  Matsuoka.J  and  McCormick  5 
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I  he  end  results  of  the  various  theoretical  predictions  indicate  that  fC\  j  is  linear  with 

V  /"■» 

respect  to  aspect  ratio  IK  *  b*  S  lor  small  aspect  ratios,  it  approaches  a  constant  I  or  large 
aspect  ratios 


Small  and  Moderate 


Aspect  Ratio  /('j  j  » (Kp)  •  AR 

\  *  / nut 


large  Aspect  Ratio 

ti  e  .  h  5  •»  AR  -*  oo.  Cone1 


(ctr) 


W(1  +  t/c) 


where  kp  is  a  constant,  and  t  c  is  the  foil  section  tluckness-to-chord  ratio  Some  results  of 
estimates  ol  kp  are  presented  in  fable  5  tor  various  theoretical  attempts  at  analyzing  the 
wake  deformation  and  the  induced  forces 


TABU  5  SOME  THEORETICAL  ESTIMATES  FOR  Kr  FOR 
PRI  DICTING  MAXIMUM  CIRCULATORY  LIFT 


(CLP)  *  <«r> '  * 

Source 

Kp 

Trailing  Voiles  Sheet  Remami  Flat 

Sato  and  Mat luoka' 

0  855 

Voiles  Sheet  Rolls  Up  Completely 

Sato  ami  Matiuoka7 

l  897 

Small  Aspect  Ratio 

McCof 

0  855 

Cone'  (AR  <  6  61 

1  94 

Moderate  Aspect  Ratio 

McCoimick^ 

1  21 

It  should  he  noted  that  these  estimates  apply  to  lifting  planforms.  having  typical  elongated 
foilhkc  section  shapes  Unless  some  rotating  motion  is  imparted  to  such  sha|ses.  the  fluid  stag 
nation  points  are  always  on  the  surface  If  front  and  rear  stagnation  points  coincide,  the  ideal 
lift  coefficient  of  any  section  can  reach  4*  c  g  ,  Cone  1  II  the  lifting  device  in  question  is  an 
isolated  rotating  cylinder  it  is  possible  to  spin  it  fast  enough  for  the  single  stagnation  point  in 
the  fluid  to  be  displaced  completely  uhiji  from  the  solid  surface,  the  ideal  infinite  aspect-ratio 
limit  ot  4 1  can  then  he  exceeded,  see  e  g  Swanson  * 

I  xpenmental  support  for  the  cxistancc  and  magnitude  of  maximum  circulatory  lift  is 
presented  lor  example  by  Sato  and  Matsuoka’  and  in  data  from  Lowry  and  Voglcr  reproduced 
in  McCormick  '  In  Reference  2.  the  experimental  value  of  Kp  obtained  with  slot-blowing 
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suction-side  boundary  layer  control  seems  to  be  independent  of  ax|>eci  ratio,  reaching  the  pre¬ 
dicted  value  of  about  I »  noted  in  Fable  5  However,  the  results  of  Lowry  and  Vogler  ob¬ 
tained  with  jet-flapped  I  ft  7  percent  thick  foils  show  that  the  value  of  Kj.  docs  change  slightly 
with  aspect  ratio,  varying  from  about  I  0  at  low  as[>cct  ratios  to  about  1.25  for  aspect  ratios 
larger  than  ft 

In  general,  the  inviscid  limit  is  never  reached  by  ordinary  foils  or  even  by  sophisticated 
versions  of  mechanically  Happed  foils  because  of  (low  separation  However  as  mentioned 
previously,  a  lifting  foil  employing  j  boundary  layer  control  or  circulation  control  device 


such  as  some  form  of  jet  blowing  could  reach  its  maximum  C't 


r 


The  required  intense  circu¬ 


lation  usually  means  heavy  blowing  rates,  so  that  in  a  typical  case,  the  jet  reaction  thrust 


alone  is  at  least  as  large  as  the  circulatory  lift  This  amount  of  blowing  is  not  ol  practical 


interest  because  of  the  pumping  power  required 


Although  the  ( ^  t.ARi  upper  bound  is  seldom  a  practical  issue  except  for  heavily  aug¬ 
mented  lifting  surtace  arrangements,  it  is  useful  to  keep  in  mind  throughout  this  chapter  that 


such  ar.  ideal  limit  di*es  exist 
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SECTION  A  UNPOWERED  CIRCULATORY  LIFT  DEVICES 


NAME  Unpowcrcd  Mechanical  Devices 

DEFINITION  The  basic  device  under  consideration  is  a  lifting  surface  to  which  are  attached 
auxiliary  (laps,  slats,  or  other  appendages  that  can  lie  deflected  and  which  arc  controllable  in 
their  setting  f  ully  movable  lilting  surfaces  arc  also  included  Continuous  cxjienditure  of 
energy  is  not  essential  to  their  function,  hence  the  term  "unpowered  ”  Although  power  is 
required  to  actuate  these  types  of  devices,  it  is  possible  to  lock  them  in  their  deflected 
position  and  to  maintain  the  desired  lift  force 

This  section  gives  a  brief  illustration  of  various  schemes  that  can  be  used  and  for  which 
information  exists  The  body  of  literature  about  these  devices  is  vast  There  is  no  attempt 
to  be  exhaustive  cither  here  in  the  coverage  of  all  variations  or  in  the  bibliography 

Lift,  force  normal  to  the  oncoming  stream,  is  the  result  of  inducing  circulation  about 
the  lilting  surface.  The  basic  purpose  of  unpowered  auxiliary  devices  is  to  achieve  changes 
in  circulation  and.  hence,  in  lilt  at  fixed  angle  of  attack  of  the  lifting  surface  by  modifying 
the  elfective  geometry  of  the  surfaces.  I  his  is  accomplished  by  changing  the  camber  ol  the 
lilting  surface  or  by  changing  circulation  by  gross  alteration  of  the  flow  over  the  lilting 
surface,  e  g  .  inducing  boundary  layer  separation  The  devices  can  lie  used  individually  or 
in  combination  In  this  section  a  brief  outline  ol  the  operation  and  effects  of  the  following 
arrangements  is  given 

1  Flaps 

2  Slats  and  Leading  I  dge  Maps 

3  Maps  and  Slots 

4  Spoilers 

5  Others 

DESCRIPTION  AND  FORCE  ESTIMATES 

Flaps 

A  flap  is  attached  to  a  lifting  surface  at  its  trailing  edge  Usually  the  flap  system  is  an 
integral  part  of  the  lifting  surface,  essentially  being  only  the  trailing  portion  that  is  hinged 
to  the  fixed  leading  part  However,  sometimes  the  flap  takes  the  form  of  a  completely 
separate  and  movable  airfoil,  called  an  external  airfoil  flap,  positioned  near  the  trailing  edge 
of  the  fixed  lilting  surface.  Figure  3  shows  the  hasic  llap  arrangements. 

Many  variations  of  these  basic  arrangements  exist  as  illustrated  in  Figure  4  but  they 
cannot  all  be  discussed  herein  For  fuller  discussion  of  the  subject  and  pertinent  source 
material,  see  References  5  and  b. 

The  basic  motion  of  a  flap  is  a  rotation  about  a  hinge,  which  deflects  the  flap  relative 
to  the  chord  line  of  the  lifting  surface.  It  is  advantageous  to  arrange  the  flap  so  that  the 
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Figure  4d  0.1*“  N  \(  A  Skilled  FUp 


Figure  4)  RAF  Double 
I  63V  Fo»ler  FUp 


h  -  i  n\e 

F«urr  4f  0_V  Hbiiliurn  Skilled  FUp 


hinge  simultaneously  translates  rearward  as  the  flap  deflects,  thereby  increasing  the  effective 
chord  of  the  lifting-surface  flap  combination 

Lift:  Two  Dimensional.  1  or  a  two-dimensional,  single.  Happed  foil  section  at  an  angle  of 
attack  a  and  (lap  angle  6  (f  igure  5).  the  section  lift  coefficient  based  on  chord  length  c  is 

C‘S((,o)a+:’*Xi  (?)‘C«  ‘6  <»> 

where  (  ,  is  the  lift-curve  slope  *  an.  and  2#  •  X  (cJc  )  is  the  Hap  derivative  =  ('  .  which 
a  uii 

correctly  contains  the  variation  ot  lift  with  respect  to  c,  c'  but  which  must  be  modified  by 
an  empirical  lactor  ef(6)  for  its  actual  variation  with  respect  to  Hap  angle  6  Data  originally 
compiled  by  Young6  have  been  presented  by  McCormick'  in  terms  of  curves  for  two- 
dimensional  Happed  toils,  figure  b  gives  the  (lap  effectiveness  factor  Xj  (cr/c'>,  where  c*  is 
the  extended  chord  length  of  the  foil-flap  section  The  correction  factor  cf(6l  for  plain,  split, 
and  slotted  single  Haps  is  reproduced  in  f  igure  7 

I’sually  the  lilt  performance  of  Haps  is  measured  in  terms  of  the  lift  increment 

m  2vX|(cf/c’)  •  Cj  •  6  (2) 

with  6  in  radians 

A  special  case  of  the  single-slotted  Hap  is  an  external  airfoil  Hap.  an  example  of  which 
is  pictured  in  figure  8a  along  with  a  curve  of  its  maximum  lift  coefficients  at  various  Hap 
angles  A  symmetric  foil-flap  version  of  this  arrangement  could  conceivably  provide  positive 
lilt  even  it  the  incoming  How  is  at  a  negative  angle  of  attack  to  the  toil,  sec  Figure  8b.  To 
accomplish  this  without  excessive  Hap  angles,  the  Hap  chord  must  be  comparable  to  the  foil 
chord  Such  an  arrangement  could  be  used  to  good  effect  for  submarine  maneuvering 

lloublc-slotted  Haps  arc  obviously  more  complex  than  single  Haps,  however,  they  do 
provide  very  large  values  of  lift  An  example  of  the  section-lift  performance  of  a  1  5-pcrccnt- 
thick  airfoil  with  a  40-pcrccnt-chord.  Douglas  double-slotted  Hap  is  reproduced  in  f  igure  9. 
taken  from  Reference  7.  The  graph  shows  a  value  C‘  =*  4.4.  C,  based  on  the  original 
retracted  chord  length,  at  an  angle  of  attack  of  14  degrees.  As  far  as  is  known,  there  is  no 
good  scheme  reported  in  the  literature  for  using  double-slotted  Haps  on  symmetric  foil  shapes 
in  order  to  obtain  symmetric  lift  increments,  both  plus  and  minus  lift 
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Figure  5  Slo lied  Single  Flap.  Deflected  by  Angle  5  Showing  a 
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Lift  Finita  A»p®ct  Ratio.  A  lull  discussion  of  the  prediction  of  the  lift  increment*  tor 
general  finile-aspect-ratio.  (lapped  lilting  surface*  is  complicated  and  is  beyond  the  scope  ot 
this  survey  However,  some  crude  estimates  are  possible  Using  the  data  (rom  Young.6 
McCormick 1  presents  a  formula  for  predicting  the  wing  lift  increment  for  an  untwisted  lilting 
surface  with  partial  span  Hat's 

M  \  -  1m m )  •  Xj (Cj/c’l  •  c(  •  6  •  X,(br/b)  (3) 

where  X(.  e(.  and  6  have  been  discussed  previously,  and  Ft(ARl  is  the  variation  ol  lilt-curve 
slope  with  respect  to  the  aspect  ratio  AR.  represented  approximately  by 

F  (AR)  «  - - -  .  for  AR  >  I 

s  i  4  :  ak 

s 

(4) 

a0  AH 

=  -  .  for  AR  <  1 

:  1 1  4  i 

where  an  section  lilt-curse  slope  and  F  ■  ratio  of  semipcrimctcr  to  span  The  function 
X,tb(  b»  is  a  universal  partial  span  correction  (actor  reproduced  in  figure  10.  applicable  for 
all  Hat's  1  he  stun  of  the  Hap  is  bf .  and  b  is  the  span  of  the  lifting  surface 

I  or  double  or  compound  Hap  systems  Young*  presents  estimating  curves  based  on  a 
reference  aspect  ratio  c>|ual  to  f*  I  or  example,  for  a  foil  Hap  arrangement  similar  to  Figure  9. 
the  total  lift  increment  At  .  based  on  the  final  extended  chord  c‘,  is  composed  of  two  parts. 

i. 

At  j  and  <  t  which  depend  on  the  Hap  chord  rain's  and  angles  of  the  first  and  second 

I  4 

Hap.  respectively  I  or  aspect  ratio  6  lilting  surlaces 

M  [  »  X , <cfj  c'l  •  Xjffi,  )  4  X,(cfj/c')  •  XI:(«3>  (5) 

where  X,ic(  c'l  is  the  flap  effectiveness  ratio  shown  in  Figure  ft.  and  the  empirical  functions 
X,»fi>  and  X  i  ft  i  are  reproduced  in  figures  I  I  and  I  2  Note  that  figure  I  I  presents  the 

I  12 

single  llap  curves  of  I  igure  in  a  different  form 

fo  estimate  the  lift  increment  for  an  aspect  ratio  different  from  AR  *  b.  the  correction 

factor  I  i  AR  i  I  im  displayed  in  figure  13  is  multiplied  times  the  A(  .  of  I  quatinn  (5).  As 
s  s  L 

before,  the  factor  X,(bf  bi  is  used  to  predict  the  effect  on  lift  of  partial  span  flaps 

F  ( M ) 

M  .  <  ARl  *  -j -  •  4C|  •  X,(bf/b)  (6) 

1  F^(6)  L 

1  he  spots  in  the  graph  of  I  igure  13  are  computed,  using  Fquitton*  (4). 
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Drag:  Finite  Aspact  Ratio.  Ihe  increment  in  profile  drag  due  to  the  actuation  of  various 
flap  systems  is  also  discussed  by  Young6  and  is  presented  in  the  form  of  multiplicative 
tactors  dependent  on  flap-chord  ratio,  flap  angle.  and  flap-  to  wing-span  ratio 

ACd  *  &,(cr/c)  •  6j(6)  •  6j(b,/bl  (7) 


where  the  curves  for  6,tc,  cl.  6,(6l,  and  6,(b,  b)  are  reproduced  in  Figures  14  through  16. 

As  indicated  by  Martin.*  the  total  drag  of  a  finite-aspect  ratio  unswept  lifting  surface, 
including  the  effect  of  flaps,  can  be  approximated  by 


w  here 


c. 


( 


l 


Kf(A(  ,  1 2 

t  /W 


total  section  drag,  average 

total  lilt  coefficient,  including  increment  of  lift  due  to  flaps 
lilt  increment  due  to  tlap  deflection 


6^  plan  form  correction  factor  tor  induced  drag,  see  figures  Ihc  and  Ihd 

k,  *  planform  drag  factor  for  (laps,  including  the  effects  of  partial  span  flaps, 

see  Reference  t>  I  or  lull  span  flaps.  k(  ■  0 

A  considerable  amount  of  useful  data  is  reported  by  Whicker  and  Fchlncr9  about  the 
hydrodynamic  characteristics  of  all-movable  symmetric  foils  with  low  aspect-ratio  plan  forms 
featuring  squared-off  tips  and  various  taper  ratios  and  swccpbacks  Mandel1"  provides  a 
summary  of  these  data  plus  discussions  of  simple  foil-flap  systems  More  recently,  kerwin 
et  a  I  "  have  provided  data  for  plain  flapped  symmertric  NAC  A  foil  shapes  with  squared- 
off  tips  I  he  flapped-rudder  planform  shajx-  considered  in  Reference  II  is  indicated  in  Fig¬ 
ure  I  "a.  and  the  root  section  for  the  vase  of  30-pcrcent-flap  chord  and  zero  (valance  is  shown 
•n  Figure  1  7b  Representative  lift  anil  drag  data  from  Reference  I  I  for  Ihc  configuration  of 
f  igure  I  7b  are  reproduced  in  Figures  1  7c  and  1 7d 

An  extensive  compilation  of  prediction  methods  for  the  hydrodynamic  lift.  drag,  and 
other  performance  characteristics  for  flapped  anil  unflapped  lifting  surfaces  is  presented  by 
Martin  * 


Figure  lb  Factors  tor  Intimating  Flap  Drag  and  Induced  Drag 
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TAPER  RATIO  c  c 


f  igurr  I h«l  Planfnrm  (nmcfion  Factor  ft  for  Inducrd  Drag  of  Tapered  "mgv 
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Figure  l'b  Root  Section  of  One  of 
the  Flapped  Rudder  Senes 
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figure  I'c  Sample  l  ilt  Ikata  for  Rudder  in  I  tgurr  I'b 
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f  Igurr  I'd  Sample  iFraj  Data  for  Rudder  in  f  igure  l?b 


MAXIMUM  LIFT  AND  STALL  ANGLE 


Inflection  ol  any  trailing  edge  Hap  creates  a  desirable  lift  increment  but  also  tends  to 
aggrevate  the  adverse  pressure  gradients  near  the  nose  of  the  foil,  which  in  turn  brings  on 
stall  at  a  smaller  angle  ol  attack  I  his  is  illustrated  in  figure  IK  for  a  plain  flapped  lf>- 
percent-thick  cambered  airfoil  As  will  Ik  discussed  shortly,  the  use  of  a  leading-edge  device 
can  extend  the  useful  range  ol  angle  of  attack  and  also  allow  greater  values  of  maximum  lilt 
coefticient  I  he  general  problems  of  optimizing  the  lilt  performance  ol  flapped  lilting  surfaces 
and  the  detailed  problems  ol  flap  and  slot  shapes  and  sizes  arc  complex  Some  information 
and  recommendations  lor  design  ..an  be  found  in  References  .1.  5.  <>.  and  K  as  well  as  in  the 
sour v e  material  cited  by  these  references 

SPANWISE  ARRANGEMENT  OF  FLAPS 

I  sen  with  the  simplest  Hap  type,  c  g  a  "plain"  (lap.  the  spanwisc  distribution  of  a  flap 
chord  can  increase  the  effectiveness  of  a  lifting  surface  lor  control  purposes  For  example, 
differentially  actuated  port  and  starboard  flaps  with  paired  control  surfaces  sail  Ik  used  to 
develop  roll  moments  for  submarine  maneuvering  A  partial  span  arrangement  of  two  difler- 
cn,  lap  chords  could  Ik  used  for  low-  and  high-speed  operation  with  the  smaller  c(  c  flaps 
being  placed  inlxurd  for  high  speed,  while  the  larger  c(  c  Hap  would  Ik  placed  outlxvard  for 
low-speed  operation  Small,  separately  actuated  tabs  mounted  on  the  mam  flaps  would 
accomplish  a  similar  result  A  partial  span  arrangement  with  various  c(  c  flaps  could  be  used 
on  a  dorsal  rudder-flap  sy  stem  mounted  on  a  submarine  sail  to  help  reduce  roll  moments  in 
turns  at  various  speeds 

Slats  and  loading  Edge  Flaps 

Airfoils  placed  near  and  ahead  of  the  leading  edge  of  a  wing  can  be  beneficial  to  the 
lift  performance  by  helping  to  suppress  leading-edge  separation  and  also  by  creating  an  in¬ 
crease  in  the  effective  camber  and  or  chord  length  of  the  foil  Slats  and  1  I  (laps  are  similar 
in  appearance,  the  difference  being  that  slats  arc  separate  toils  that  allow  flow  of  pressure- 
side  fluid  to  pass  into  the  suction  side  region  Slats  are  effective  in  increasing  the  maximum 
lift  coefficient  when  used  alone  or  in  combination  with  trading-edge  flaps  Figure  l^a  illu¬ 
strates  three  slat  configurations  Incremental  force  data  for  the  slat  of  Figure  I9a<2).  in 
stalled  on  a  NAC  A  21012  section,  is  reproduced  in  Figure  19c.  The  corresponding  increase 
in  the  angle  of  attack  at  which  At  ,  occurs  is  in  the  range  from  X  to  14  degrees 

nut 

leading-edge  flaps  are  formed  cither  by  bending  down  the  forward  portion  of  the  wing 
section,  plain  nose  flaps,  or  by  extending  a  surface  forward  and  downward  near  the  leading 
edge.  Krueger  type  These  types  arc  illustrated  in  I  igurc  lQb  Typical  incremental  force 
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iml  Ihx-nhnfT 


■  -  Without  fV>W  flap 

- C^/C  •  0  06 

..  .  _ e^c  -  0.10 

-  -  .  c^/c  •  0  70 
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figure  1 9d  Effect  of  Kruger  leading  Edge  Flap 
on  the  Section  Ufl  (  oefTtcienl  of  a  Foil  with 
and  without  Trading-Fdge  Split  Flap 

Sole  how  Ike  alatl  ingle  n  drilled  hi  in.  re  lung  ( 

Ike  <kned  length  of  tkw  lending  edge  flap,  inwng  ' 
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data  lor  these  devices  titled  to  foil  sections  can  In-  found  in  Reference  5  Some  sample  data 
Irom  Young6  on  the  effect  of  Krueger  flaps  at  6S  *  50“  are  shown  in  f  igure  l^d.  reproduced 
from  McCormick  '  The  most  remarkable  case  of  extending  the  useful  range  of  a  is  seen  for 

4,  *  0.  cN/c  -  0.20 

Flaps  and  Slots 

Slots  are  contoured  passageways  that  allow  the  tlow  of  high-energy  fluid  from  the  pres¬ 
sure  side  to  help  control  the  boundary  layer  on  t hi*  suction  side  of  a  foil  The  use  of  flaps 
and  slots  in  combination  can  result  in  high  lift  coefficients  Possible  arrangements  are  numer¬ 
ous.  and  the  technology  ol  high-performance  multiple  element  foils  is  still  unfolding,  e  g  . 

I  allaghan  and  Realty  l:  Some  examples  are  included  here  f  igures  20a  and  20b.  reproduced 
from  Mavnphs.  '  illustrate  the  magnitude  ot  gains  that  can  In-  ichicved  with  careful  designs 
ot  toils  will)  (laps  and  slots  in  tins  vase  a  double-slot!  1  tl  '  I  abb  6,  reproduced  from 
\b twit  and  Doenhot!  'provides  a  summary  of  lift  and  ics  for  a  number  of  combina¬ 

tions  ol  flapped  and  unllappcd.  slotted.  Hark  Y-airfi  >v  ,n  ’ 'nfoitunately .  there  are  no 
known  vomparablc  data  tor  slotted  si  'mine  trie  foil  sect 

Spoilers 

Spoilers  are  movable  surfaces  that  van  tv  dellcvted  into  the  streamflow  past  a  lifting 
toil  they  are  used  extensively  on  airvraft  for  stability  and  control  When  delletled 
asy  mmetrually  a  loss  ot  hit  is  vauxed  by  the  separated  region  created  behind  them  When 
they  arc  deflected  ss  mmetrually .  the  resulting  wide  wake-type  flow  is  accompanied  by  large 
drag  \  short  unpublished  surves  of  some  general  tcatures  of  lilt  diminuation  by  spoilers, 
made  by  I >  C .  Ice.  shows  the  main  types  ol  mechanival  spoilers  used  for  killing  lift  1  igurr 
21  is  taken  from  the  survey 

lloerncr'4  presents  data  about  invivmental  drag  exjvnenvcd  by  foils  equipped  with 
spsnlers  or  dive  brakes 

\nalyses  of  the  effects  of  spoilers  on  lifting  surfaces  arc  presented,  for  example,  by 
Wools’'  anil  by  Brown  and  Parkinson  16 

Spoilers  do  not  ncvcssariiy  have  to  he  used  on  lilting  vurfaces  They  may  Iv  used 
directly  on  bodies  and.  for  example,  might  find  apphvafion  for  emergency,  high-spccu  subma¬ 
rine  vontrol  or  maneuxenng  In  this  vase  their  effect  is  to  alter  the  pressure  distribution  on 
the  body,  thus  creating  a  force  ot  momrnt  on  the  hull  An  example  of  "body  flaps."  repro¬ 
duced  from  the  patent  of  Soderbcrg.1  is  shown  in  Figure  22  Two  examples  of  the  drag 
coefficient  created  by  dive-brake  flaps  arc  reproduced  from  Miscrnci’4  in  f  igure  21  fn  the 
second  scheme  (Figure  2.1b)  the  dive  brake  consists  of  cascades  of  guide  vanes  which  act  to 
turn  the  flow  out  away  from  the  body  very  efficiently.  Hocrner'4  also  points  out  that  by 
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TABLE  6  EXTREMES  OF  LIFT  AND  DRAG  FOR  FLAPPED  AND  UNFLAPPED 

SLOITFD  C  LARK  Y -FOILS 

Krfnn.r  Abfcut  >a<l  IVwnhufr' 


MULTiPLt  nxto  SLOTS  ANO  A  SLOTTtO  HAP  DlHfCTfD  4S  OfG«HS 
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TABLE  6  (Continued) 


SLOT  COMBINATION 


DlGHtfS 


00164 


0  0340 


00319 


0  0798 


MUlTiH.f  TiKtD  SLOTS 

AfBOO'NAMiC  CMABACTf  BlSTiCS  OT  A  CLAB*  V  A'NG  WITH  SLOTS  ANO  f  LABS 


22  H<mIv  1  laps  from  U  S  Patent  3.1  25 
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deflecting  only  one  of  the  guide  vane  flaps  pictured  in  Figure  23b,  a  lateral  control  lorce  can 
be  produced  with  a  lift  coefficient  t'j  —  1.26,  bawd  on  the  circumscribed  area  ol  the  (lap 

Others 

Various  other  devices  may  be  included  in  the  category  ot  unpowered  mechanical  devices. 
One  example  is  the  use  of  trapped  vortices  for  the  production  or  maintenance  ol  lilt.  I  he 
snow  cornice  effect,  or  trapped  vortex,  is  shown  in  figure  24a  The  flow  separates  cleanly 
at  F  and  reattaches  at  S,  trapping  a  It  ft -producing  vortex  within  the  region  of  the  free 
streamline  ( FS>  and  the  body  f  igure  24b  shows  a  conceivable  arrangement  ol  a  cusped  slot 
for  passive  control  of  leading-edge  separation  by  a  trapped  vortex 

A  variety  of  such  Hows  can  lx-  imagined,  however,  in  practice  they  require  some  form  of 
boundary  layer  control  such  as  suction  or  blowing  There  are  more  efficient  uses  of  bound- 
ary  layer  control  (Section  B)  so  that  the  devices  using  trapped  vortices  are  more  in  the  realm 
of  interesting  curiosities  For  analysis  of  these  concepts  sec  References  IS  and  I 9 

DISCUSSION  The  foregoing  outline  of  unpowered  lifting  surface  devices  shows  that  there 
are  numerous  concepts  that  could  offer  improved  performance  ot  submarine  control  surfaces 
The  accompanying  force  estimates  for  lift  and  drag  on  these  devices  provide  some  measure  ot 
comparison  between  the  various  types  Implementation  of  any  one  ol  these  ideas  is  a  design 
problem  and  is  not  part  of  the  intent  ol  this  survey  Nevertheless,  some  general  remarks  can 
be  made 

With  regard  to  flaps,  there  is  a  more  marked  improvement  of  lift  performance  when  com¬ 
paring  double-slotted  flaps  with  any  single-flap  system  than  when  comparing  slotted  single 
flaps  with  plain  flaps  However,  single-slotted  flaps  that  simultaneously  extend  the  chord 
also  have  good  performance  If  the  mechanical  complexity  and  the  increased  structural 
difficulties  of  slotted  flaps  can  be  justified,  it  is  desirable  to  consider  seriously  the  double- 
slotted  arrangements 

An  attractive  alternative  to  slotted  flaps  is  the  external  airfoil  flap  of  figure  Kb.  which 
itus  find  useful  applications  on  marine  control  surfaces 

Although  flap  performance  can  lx-  greatly  improved  using  a  variety  of  leading-edge 
devices  such  as  slats  and  leading-edge  (laps,  it  is  doubtful  whether  the  added  complexity  ol 
these  arrangements  can  be  justified  for  marine  applications 

Differentially  controlled  body  flaps  (Figure  22)  or.  better  yet.  guide  vane  dive-brake  flaps 
(Figure  23b)  could  be  used  for  emergency  high-speed  deployment  to  generate  a  corrective 
turning  moment  on  a  submarine  hull 


Um-  of  lift-spoiling  devices  seems  more  appropriate  on  the  submarine  sail  than  on  con¬ 
trol  planes,  since  it  is  the  lit t  exerted  on  the  sail  during  a  turn  that  causes  an  undesirable  in¬ 
ward  roll  moment  Also,  spoilers  have  the  virtue  ol  being  simple  in  geometry  and  in  method 
ol  actuation 

I  he  use  of  a  passively  captured  vortex  is  impractical,  considering  the  schemes  devised 
to  date  One  main  problem  is  that  even  if  a  toil  with  a  cu  sped -slot  arrangement  could  Ik* 
designed  for  one  speed  and  one  large  angle  of  attack,  the  off-design  performance  would 
probably  be  very  poor 


tigurr  :A»  Snow  I  nmicr  t  rapped  N  orlcv 


PASSIVELY'  TRAPPED  VORTEX 


figure  24  trapped  Vortex 


SECTION  B  POWERED  CIRCULATORY  LIFT  DEVICES 


Fluid  Control;  Blowing  and  Suction  Daviess 

The  principles  of  boundary  layer  and  flow  control  have  been  widely  applied  to  problems 
of  lift-production  and  lift-augmentation,  especially  for  use  with  aircralt  Many  of  these-  ideas 
i  e  applied  directly  in  the  hydrodynamic  context  as  well  Unless  otherwise  stated,  the 
fluid-control  concepts  outlined  as  follows  are  to  be  interpreted  for  water-in  water  application. 


name  Internal  Blowing  Systems  tor  Boundary  Layer  Control  and  Circulation  Control 

DEFINITION  Internally  blown  Bit  and  CC  systems  are  characterized  by  the  use  ol  fluid 
jets  ducted  from  within  the  control  surface  or  wing  The  purpose  ot  Bi  t  is  to  use  injected 
fluid  H  overcome  separation  at  critical  locations  along  a  foil  or  a  foil-flap  arrangement  and. 
thereby,  to  achieve  lilt  forces  predicted  by  potential  theory  The  purpose  of  blowing  ( (  is 
to  exploit  the  effects  ot  either  a  free  or  wall-attached  curved  jet  upon  the  overall  circulation 
about  a  lilting  surface. 

DESCRIPTION  AND  FORCE  ESTIMATES  This  section  is  divided  into  seven  general  parts 
corresponding  to  the  various  types  of  internal  blowing  arrangements 

1  Blown  Mechanical  Haps.  Powered  I  laps. 

2  Jet  Flaps. 

l  Circulation  Control  by  langcntial  Jet  Blowing. 

4  Ejector  Flaps. 

5  Combined  Blowing  and  Suction. 

r>  Blowing  Stabilized  Trapped  Vortex  Foil,  and 
Miscellaneous 

BLOWN  MECHANICAL  E  LAPS 

Deflection  of  mechanical  flaps  is  the  simplest  and  most  straightforward  technique  ol 
altering  the  lift  force  on  control  surfaces  An  obvious  first  step  for  application  ol  flow  con¬ 
trol  on  force  producers  is  to  augment  the  performance  of  ordinary  flaps 

Without  some  form  of  boundary  layer  control,  when  a  trailing  edge  flap  is  deflected 
more  than  10  to  15  degrees,  the  lift  increase  obtained  is  less  than  the  value  predicted  by 
potential  theory  This  happens  because  of  boundary  layer  separation  over  portions  of  flu- 
suction  surface  where  severe  adverse  pressure  gradients  are  occurring,  sec  f  igure  25  The  nose- 
scparation  bubble  is  known  to  be  aggravated  by  very  large  flap  angles  and  by  thin  profile  shapes 
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I  ijjurr  25  How  Ovrr  a  Flapped  C  on  I  ro  I- Surface  Foil 

I  (let  1  It  thtmfi  <4  MWlirrtl  NtnwUit  km  .  .mtml  >1  Ihf  «»n  mm  I  Ir  "f»«< 

•I  IIk  lim  it<  Ilk  (Up  tint  |««t  ill  e4  dm  (••*  »• 


The  idea  of  blowing  HI  l  is  to  force  a  plane  jet  sheet  into  a  region  of  decelerating 
or  separating  llow  thereby  inducing  a  flow  which  is  energetic  enough  to  negotiate  the  turn 
over  the  upper  surtacc  of  the  deflected  tlap  Usually,  large  llap  angles  are  the  most  interest¬ 
ing  because  large  lilt  increments  can  be  realized 

Ihe  definition  ol  conventional  tlap  is  restricted  to  those  designs  for  which  the  llap  chord 
is  greater  than  or  evjual  to  20  percent  of  the  overall  wing  chord  I  igure  2b  includes  the  gen¬ 
eral  leatures  of  existing  blown-flap  schemes  Ptnsson-Ouinton  and  Lepage.10  Korbacher  and 
Sridhar,'1  Dike  cl  al  ."  Lopez  et  al  Williams  arid  Butler  34  and  Thomas"''  have  provided 
useful  general  references  about  this  subject 

1  otvm  t  itimatM 

tat  In  tests,  blowing  out  over  the  top  surface  of  a  deflected  tlap  pro¬ 

duces  a  small  cited  until  the  jet  velocity  V  exceeds  the  free  stream  velocity  IJ_  by  a 
reasonable  margin,  c  g  .  V(  >  1  2  '*  M  higher  let  velocities,  the  lift  increment  M  r 

due  to  Mowing,  increases  rapidly  with  increased  blowing  until  the  attached  flow  region 
covers  the  entire  flap,  and  the  theoretically  realizable  lift  increment  is  obtained  at 

some  critical  value  of  the  momentum  coefficient  ('  Ihis  is  the  boundary  layer  control 

regime  If  the  intensity  of  blowing  is  increased  further,  the  curved  ict  sheet  leaving  the 
tlap  trailing  edge  attains  a  certain  stiffness  of  its  own  and  thereby  contributes  to  a  "sui>cr 

circulation"  llow  Ihe  so  called  )cl-llap  effect,  which  commences  when  (  >  C  gives 

*  ''em 

rise  to  still  larger  lift  increments  However,  the  lift  augmentation  rate  M  is  smaller 

in  the  supcrdtculation  range  than  in  the  Hit  range 

Ihe  important  correlation  parameter  for  blowing  Hit  is  the  momentum  coefficient, 
which  in  two-dimensional  flow  is 


mVi  d-s 


2(  V  l 
*  u  i  * 


where  m 


c 


C 


y 


mass  flow  rate  per  unit  span 
a  jet  velocity 
*  chord 
-  U  cU_ 


<1-  ”  ~  pui 

U  =  volume  flow  rate  per  unit  span 
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SINGH  SLOT  BLOWING 


PLAIN  HINGED  ELAP 


FLAP  IN  GAPPED  AND  EXTENDED 
POSITION 


F  l  AP  IN  UNCAPPED  POSITION 


l  iftirr  Singlr  Slot  Blowing 


(  onfiguration*  <»l  Blown  <  onvcnlional  I  Upv  I  Up  l  honl  (.rralcr 
Dun  20  Prrcrnt  »f  loial  I  oil-1  Up  Omni 


I  igurr  26 


I  isurv  27  show*  a  result*  that  displays  the  typical  characteristics  ol  section-lift  coeffi¬ 
cient  l  versus  C  for  a  20- per  cent -flap  chord,  1 5-pcrcent-thick  NAl  A  foil  shape  with  slot 
Mowing  over  the  flap  upper  surface.  It  can  be  seen  that  the  rate  ol  increase  of  lv  de¬ 
creases  markedly  once  t'  exceeds  the  value  C  required  for  completely  attached  floss 
l  or  the  plain  Happed  NAl  A  0010  profile  of  Figure  28a.  a  senes  of  curves  of  lilt  in¬ 
crements  due  to  blowing  and  Hap  detection  is  shown  in  Figure  28b,  taken  Horn  Thomas  *7 
lhese  are  especially  interesting  because  data  are  included  for  the  unusually  large  tlap  angle 
ol  6(  105  degrees  Figure  2^  shows  curves  tor  the  lift  increments  of  Figure  28b,  meas¬ 

ured  relative  to  the  theoretical  lift  increment  Al(>  as  predicted  by  a  theory  of  l.laucrt  lor 
thin  flapped  foils  The  crossover  point  where  ACt/AC  -  10  determines  the  critical  blow¬ 
ing  momentum  required  tor  attached  How  It  may  be  noted  here  that  an  accurate  estimate 
for  the  ideally  obtainable  lift  increment  due  to  Hap  deflection  ^l ,  is  provided  by  the 
exact  thin  airfoil  theory  of  Hay  and  Fggington*  and  the  result  is  reproduced  in  Figure  30 
Other  summaries  of  aerodynamic  data  about  blown  llaps  arc  presented  by  Williams. 
Kiebe, and  l)ods  and  Watson.'1  the  latter  being  for  a  thm  NAl  A  OOOti  airfoil  section 
with  several  different  llap  designs  An  example  of  some  recent  data  is  shown  in  Figure  31. 
reproduced  from  lawford  and  Foster.’1  for  a  cambered  13-percent-thick  KAI  102  profile 
having  both  plain  leading  and  trailmg-edge  flaps  with  llap  chord  ratios  oil  2  **  and  25  per¬ 
cent.  respectively  Ihc  lilt  curses  in  f  igure  31 1  are  for  rear  llap  dcHcction  *  20  and 
rear  (lap  blowing  0<  (  ^  <0  047,  with  zero  n<  se  blowing  ami  nose  llap  dcllcction  6N  "0 

fo  illustrate  roughly  how  the  lift  increments  of  Mown  llaps  compare  with  the  pet 
formancc  of  other  high  lift  schemes  on  similar  foils.  Figure  32.  reproduced  from  Kiebe. v' 
shows  a  sampling  of  (scrformance  curves  based  on  lilt  only 

In  general  for  the  geometry  and  notation  shown  in  figure  2t>a(  I ).  the  seition-lill 
coefficient,  with  an  approximate  correction  for  foil  thickness  from  Spence.  is  expressed 
as 


c.  -  i<c;  i  o  ♦  <(■  >  •  «i  (i  +  t/c>  no) 

where  the  thin  foil  derivative  <T(  )*fiK',  doift<<)  »  a  function  of  only  and  is  plotted  in 
f  igure  33  The  derivative  <C(&)=  (dC,  dfti^  •'  a  function  of  both  and  the  Hap  chonl 
ratio  cf  c  These  dcnsalivcs  have  been  determined  theoretically  by  Spence  f  igure  34 

chows  a  plot  of  the  llap  angle  derivative  (l  ^f  versus  for  contours  of  c,  c 


I  ill  Data  on  Hint  of  Hlown  Hapv  Showing  Idmlification  of  1  rilical 
\(taihmrnt  Momentum  (  orffnienl  ( 
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I  tliutr  2**  l  ime\  of  l  if t  Increment*  Normalized  by  the 
Jhrorr  licali V  Achievable  Values  SI. 


Theoretical  Section  l  ift  Increment  Due  to  f  lap  Deflection  at 
Zero  Incidence  1-  *  c.  c 
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i*  Ratio  For  a  wing  of  finite-aspect  ratio  AK,  thickness  chord  ratio  t/c, 

total  jet  momentum  coefficient  C  defined  as  m1VJ/qa.S;  and  partial  span  blowing  that 
affects  a  wing  pUnlorrn  area  Sf,  the  total  lift  coefficient  based  on  total  wing  planform 
area  S  can  he  expressed  as  a  sum  of  circulation  hit  and  jet  reaction  lift 
f't  »  ('t  +  (’^  sin  (o  +  6).  or  for  small  angles  Q  and  6 


C. 


1/  t 

v1  *  -)  K 

It—)  “'ll  V'TT'/  & 

c/L 

\  do  f  \  o0  /  J 

(Ill 


where  ka  and  kg  are  corrections  devised  by  Williams,  et  al  15  for  partial  span  blowing 


1/  at 

Ka 


Sf(dCydol  t  (S  S()(d<k  dalt.  ^ 
S  •  (dC'  /da) 


<i:i 


k6  -  s,/s 


(HI 


Ihe  derivative  (<M  k  da)  relcrs  to  the  thin  wing  derivative  evaluated  at  the  mean  sectional 
momentum  coefficient  (  ^  C'^SS, .  see  McCormick' for  details 

The  factor  F‘  < AR. C  I  is  a  fimte-aspect-ratio  correction  obtained  by  Masked  and 

A 

Spence  16  For  cllipticall)  loaded  planforms  and  large  AR.  the  (unction  FA  can  Iv 
approximated  by 


i  +  :c  It  M* 

F.  (ARC  )  -  - - -  (l4» 

"  1  +  ;  M  +  0.604  v/T'  m  +  0.876  C  /AR 


Dr*  The  drag  forre  on  blown  flap-wing  systems  will  be  discussed  separately  from  the 
problem  of  total  power  consumption,  which  will  he  treated  later 

To  get  a  picture  of  how  the  various  drag  force  components  behave,  some  results  arc  re¬ 
produced  here  from  wind  tunnel  experiments  on  the  rectangular  NACA  0010  airfoil  with  a 
25  7-percent  flap  discussed  earlier  in  conjunction  with  Figures  28  and  2V. •  Figure  35  is  a 
polar  plot  of  total  lift  coefficient  C,  versus  total  drag  coefficient  C'R  at  a  constant  flap  angle 
ft,  =  60  degrees  These  total  coefficients  contain  the  jet  reaction  force  components  and 
C„  due  to  the  jet  issuing  along  the  flap  That  is 


+ct. 


<o  ■  *  C„, 
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Die  )ct  reaction  forces,  neglecting  losses  in  jet  viscous  cftccts  are 


C't  =  Cu  sin(6f  +  a)  (6f  +  al 

('dr  m~cv  cos,6r  + 


(lb) 


where  6f  llap  angle,  and  o  ;  angle  of  attack  Here,  l  ^  *  m,  V  ij„S,  based  on  the  total 
flow  rate  m,  and  total  planlortn  area  S  It  should  he  noted  that  the  jet  reaction  forces  are 
significant  only  for  blowing  in  the  supcrcirculation  range  because  the  C  values  required  for 
Hit  are  modest,  see  figure  27. 

Ihe  components  (  and  C  are  aerodynamic  contributions  that  represent,  respectively, 

the  pressure  lilt  and  drag  as  they  are  modified  by  the  pressure  peaks  caused  by  blowing  1  he 

drag  coefficient  ('  is  made  up  of  profile  drag  ('J,  as  modified  by  blowing  and  induced  drag 
a  r 

as  modified  by  blowing  and  induced  drag  t  .  which  lhomas-  writes  as 


+ 


*  W 


(17) 


where  in  Humus’  experiments,  the  effective  aspect  ratio  is  AR *  x  b.  f  igures  3ba  and  3b b 
show  the  variation  of  the  aerodynamic  drag  coefficient  t  ..  with  momentum  coefficient 

1  A 

<  for  the  foil-flap  scheme  of  I  igure  2Ka  In  I  igurc  3bh  the  curves  ol  drag  at  constant 

('.  values  indicate  that  the  profile  drag  is  rcJurcJ  by  the  effects  of  blowing,  a  feature  dis- 
1  s 

played  by  most  slot  blowing  devices  It  should  be  noted  that  a  preferable  formula  lor  esti¬ 
mating  the  induced  drag  of  a  jet-augmented  flapped  wing  with  an  elliptical  circulation 
distribution  is*’ 


(  . 


»  m  +  2t\ 


(17a) 


I  quation  i  IT)  would  be  increasingly  poorer  for  correlation  purposes  as  (  ^  grows  large 
for  the  flapped  RAf  102  foil  pictured  in  figure  31.  the  measured  wake-drag  curves 
corresponding  to  =  20°.  6S  *  0".  and  *  0  are  reproduced  in  figure  31b 

\  brief  discussion  of  complete  wing-drag  coefficients,  including  the  influence  of  partial 
span  Haps  and  sweep  is  given  by  Williams  and  Butler  74 


An  equivalent  "kinetic  energy”  drag  coefficient  can  be  defined  which  contains  a  penalty 
for  the  power  required  tor  blowing  systems.  With  this  definition,  it  is  possible  to  make  direct 
comparisons  of  equivalent  hft-to-drag  ratios  between  various  flap  arrangements,  blown-flap 
schemes,  jet  flaps,  etc  1  he  equivalent  drag  is  defined  as 


1) 


I)'  +  I).  +  I) 


pump 


+  I) 


t  1  HI 


where  1)'  *  profile  drag,  modified  by  blowing,  and  includes  effects  of  partial  span 

P  Haps,  etc. 

I)  =  induced  drag,  estimated  from  Equation  tl7al 
Dpump  =  pump  power/U^ 

U  m  ■  =  momentum  drag  force  required  to  ingest  the  blowing  flow  rate 

y  -  blowing  volume  flow  rate  =  riij  ip 
I  he  pumping  power  supplies  the  jet  flow  rate  ami  is  approximated  by 

Pump  Power  -  pgiAHi  •  Q  ~  pV* 


The  resulting  equivalent  drag  coefficient  based  on  wing  planform.  area  S  is 


( h  „  +  -  c 


V 


"  u. 


+  ( 


V 


1 201 


and  the  equivalent  lift  to-drag  is  C,  C  „  This  points  up  the  importance  of  the  ratio  V 
as  well  js  the  momentum  coefficient  (  ^  in  describing  blown-flap  systems  or  any  other  blowing 
technique  for  that  matter 


W hen  the  lift  eflectivenrss  of  a  foil  is  increased  by  trailing-edge  flap  blow 
ing.  there  is  an  accompanying  reduction  in  stalling  incidence  unless  the  foil  section  is  thick 
and  heavily  cambered  A  typical  example  of  this  is  shown  in  figure  .17  where  data  are 
plotted  for  the  NPl.  H-percent-thick  foil  17  I  he  stall  angle  is  reduced  from  1  5r  at  ft,  =  0. 

C  =  0  to  approximately  5°  at  ft, «  45'.  *  0.053  Especially  for  thin  wing  sections,  the 

increased  loading  caused  by  a  more  effective  trading-edge  device  tends  to  promote  early 
boundary  layer  separation  near  the  foil  leading  edge 

Purely  mechanical  devices  such  as  a  leading-edge  slat  or  a  drooped-noxe  flap  can  be  use.1, 
successfully  to  control  the  LE  separation  and  to  extend  the  range  of  angle  of  attack  b»l.  » 
stall 
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Boundary  layer  control  by  dot  blowing  can  be  used  to  supplement  the  effects  of  mechan¬ 
ical  leading-edge  devices  A  good  discussion  of  the  problems  of  a  blowing  slot  on  a  fixed 
leading  edge,  no  droop,  is  presented  by  Williams  and  Butler  M  One  of  the  more  attractive 
techniques  is  BLC  slot  blowing  at  the  knee  of  a  plain  leading-edge  flap  Large  LE  flap  angles 
are  used  to  guarantee  that  the  locations  of  the  strong  adverse  pressure  gradients  are  moved 
back  from  the  nose  to  the  flap  knee  figure  38  shows  the  typical  benefit  derived  from 
drooped  nose-flap  blowing  The  curves  are  for  an  aspect  ratio  3.3  unswept  wing  with  the 
NPL  H-porcent-thick  foil,  and  a  1 0-pcrcent -LI  flap  chord,  further  data  about  the  effect  of 
nose  droop  and  simultaneous  nose-flap  blowing  are  presented  by  Lawford  and  Foster. }J 

Whether  or  not  nose-flap  blowing  is  required  in  order  to  achieve  satisfactory  perform¬ 
ance  for  a  blown  trailing-cdgc  flap  depends  upon  foil  thickness  and  desired  range  of  angle 
ot  attack  for  thin  foil  sections,  leadi  lg-edge  droop  and  slot  blowing  are  so  beneficial  that 
they  may  be  regarded  as  essential,  see  Relerence  24  For  example,  the  relatively  poor  per¬ 
formance  of  the  blown  trailing-edge  flaps  on  the  6-percent-thick  foils  described  by  Dods  and 
halvin'1  can  be  attributed  to  problems  with  leading-edge  separation  However,  for  thicker 
foil  sections,  the  leading-edge  pressure  peaks  are  less  severe  than  with  thin  sections,  so  there 
is  less  tendency  for  massive  leading-edge  separation,  and  the  blown  trailing-edge  flap  alone 
gives  excellent  performance  without  additional  benefits  of  leading-edge  blowing 

As  far  as  is  known,  there  is  no  systematic  investigation  of  the  influence  of  foil  thickness 
on  the  relative  performance  of  leading-  or  trailing-cdgc  blown  flaps  or  proper  combinations 
ol  both  for  possible  submarine  applications,  blown  trailing-edge  flaps  alone  probably  would 
be  appropriate  for  the  t>pically  thick  foil  sections  The  added  complexity  of  a  dual  system 
can  thus  be  avoided 

The  amount  of  blowing  required  to  achieve  the  theoretically  achievable  two-dimensional 
lift  increment  A(  ,  is  determinable  by  experiment,  although  there  is  an  attempt  b\  Thomas** 
at  a  two-dimensional  prediction  of  C  .  f  igure  3*>  shows  the  range  of  experimental  values 
of  (  versus  from  a  number  of  references  The  original  references  should  be  consulted 

sJ  II 

for  the  details  of  foil  shapes.  Reynolds  numbers,  etc. 

for  finite  aspect-ratio  wings,  the  magnitude  of  blowing  required  to  achieve  theoretical 
flap  effeclis-eness  is  difficult  to  estimate  theoretically  However,  a  correlation  of  data  from 
experiments  for  (  was  made  by  H  R  (Tiaplin  and  is  given  here  in  Figure  40 

H  rrti 
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H.R.  CfcapNa  (DTMB  Aero  R«?  916.  19571 


«n  Htqwrimnli 

An  accurate  estimate  of  power  requirements  for  a  particular  blown-flap  system  would 
involve  a  detailed  specification  of  the  geometry  of  the  intake  lip.  internal  diffusors,  and/or 
ducting  from  flooded  chambers,  pump,  and  ict-nozzle  designs.  Obviously  the  estimate  would 
he  applicable  to  that  design  only.  In  the  absence  of  these  details,  however,  an  outline  for 
some  general  estimates  can  be  formulated. 

For  the  crudest  estimate  of  fluid  power  I*, .  assume  that  the  jet  water  is  taken  from  a 
large  reservoir,  like  a  flooded  ballast  tank  Then  the  total  power  expended  wdl  be  at  least 
equal  to  the  power  required  to  supply  the  jet  velocity  head  plus  the  power  represented  in 
the  intake  momentum  loss  as  water  is  drawn  into  the  large  still  body  of  water 


where 


p.  -  ♦  p.m 


P^, «  pgtAHiy 


■  5  -v  (?) 


p  -  0»QU.>U. 


(22) 


Hence,  the  power  (ft-lb  seel  required  to  supply  a  flow  with  .1  total  momentum  coefficient 


where  S  is  the  reference  area  for  C^.  dearly  this  does  not  account  for  losses  in  ducting, 
diffusers,  nozzles,  etc 

If  the  jet  slot  height  h(  is  constant  and  is  known  for  some  experiment  on  tapered  or 
rectangular  wings,  the  fluid  power  P(  can  be  expressed  in  terms  of  the  parameters  C  and 

Vc. 


p 


r 


r  «(h,/c#) 

:v^ly^  *  C„ 


<q-U„s> 


(24) 


using  the  relation  C „ 


2 (h/cg  > 


2 

,  where  c 


average  chord  -  (c^,  +  c1>p)/2. 


7d 


Sample  values  of  lift- augmentation  horsepower-pcr-foot  in  Table  3  were  obtained  for  the 
sanous  slot-blowing  devices  using  Equations  (23)  or  (24) 

DISCUSSION:  For  application  to  submarine  control,  the  general  concept  of  a  blown  flap 

has  several  advantages  when  compared  to  other  powered  devices  It  is  mechanically  relatively 
simple,  requiring  only  ducting  and  valve-actuation  for  its  operation.  The  (lap  sue  could  be 
chosen  to  provide  adequate  performance  without  blowing  at  high  forward  speed,  powered 
operation  Jt  low  submarine  speeds  could  provide  a  very  wide  range  of  available  control  force 
depending  on  the  amount  of  blowing  The  blown  flap  would  offer  a  type  of  control-system 
redundancy,  it  there  is  a  fluid  pumping  system  failure,  the  flap  could  Ik  used  as  a  plain 
unpowered  device,  and  vice  versa  Water  normally  exhausted  from  the  ship  could  he  ducted 
into  a  high-pressure  plenum  that  would  act  as  a  supply  for  blowing  Owing  to  the  usual  thick 
sections  of  submarine  control  planes,  it  is  reasonable  to  predict  that  blowing  over  a  trailing- 
edge  tlap  alone  would  be  sufficient  to  obtain  significant  lift  improvement.  Of  course,  leading- 
edge  devices  always  improve  performance  and  should  not  be  totally  ruled  out 

I  he  physical  effect  of  boundary  layer  control  by  slot  blowing  over  a  deflected  (lap  dic¬ 
tates  that  the  je  heel  must  be  issued  into  a  region  of  jJirrsc  pressure  gradient,  see  Figure  25. 
This  means,  for  c  .ample,  that  blowing  at  the  underside  of  a  tlap  knee  into  a  favorable  pres¬ 
sure  gradient  is  useless  at  best  and  may  degrade  the  overall  performance  For  submarine 
applications,  lift  is  required  in  either  direction,  so  a  valving  system  is  necessary  to  coordinate 
proper  slot  blowing  with  flap  deflection 

One  measure  of  purely  hydrodynamic  performance  is  the  equivalent  lift-to-drag  ratio, 
where  the  equivalent  drag  is  defined  in  Equation  (18)  Based  on  curses  of  two-dimensional 
equivalent  lift-to-drag  ratio  versus  lift  coefficient  assembled  in  Figure  I.  the  blown  flap  is  one 
of  the  most  attractive  high-lift  schemes  of  all  those  considered  The  performance  of  blown 
flaps  on  the  basis  of  lift  augmentation  is  impressive  For  example,  from  the  results 

with  the  13-percent  blown  flap  foil  in  Figure  31a.  for  the  case  when  AC,  is  measured  from 
*  0  and  6r  =  20  degrees.  *  62  in  the  BLC  regime  and  ACP'AC^  *  17  to  5  in  the 

supercirculation  regime  For  the  case  when  AC,  is  measured  from  C  =  0  and  6R  =  0. 

AC  AC  =  146  in  the  BLC  regime,  for  AC,  =  117. 

Some  problem  areas  include  possible  fouling  of  the  narrow  slits,  possible  noise  from 
the  high-speed  let  sheets,  the  need  for  a  practical  valving  system,  and  limitations  due  to 
cavitation  about  which  little  is  known 

JCT  ruses 

The  term  )ct  flap  is  sometimes  used  to  describe  a  wide  variety  of  powered  trailing -edge 
devices,  including  the  blown  flap  discussed  in  the  previous  section,  sec  Reference  21  How¬ 
ever.  as  used  here,  tel  flap  refers  specifically  to  a  blowing  lifting  surface  where  a  high-momentum 
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jet  sheet  issues  out  of  or  near  the  trailing  edge  at  an  angle  to  the  (oil  chord.  Because  of  its 
high  momentum,  the  curved  jet  sheet  achieves  a  stiffness  which  enables  it  to  cause  an  asym¬ 
metrical  (low  pattern  that  provides  an  additional  pressure  lift,  called  supercirculation,  on  the 
wing  This  )ct-»nduced  circulation  lift  magnifies  the  direct  lift  produced  by  the  vertical  com¬ 
ponent  of  the  jet  momentum  One  way  to  view  the  effect  of  the  jet  (lap  is  in  terms  ol  the 
movements  of  the  fluid  stagnation  points  on  the  foil  surface.  1  he  trailing  edge  stagnation 
point  is  fixed  near  the  jet  nozzle  position,  but  the  total  flow  asymmetry  created  by  the 
curved  jet  sheet  causes  the  forward  stagnation  point  to  migrate  further  and  lurthcr  aft  along 
the  underside  of  the  foil  with  increasing  jet  momentum  This,  in  turn,  causes  an  augmented 
pressure  jump  across  the  toil  and  greater  lift 

There  arc  various  ways  to  direct  the  jet  sheet  flow  blowing  through  fixed  or  variable 
slots,  blowing  out  over  variable  angle  control  flaps,  or  blowing  out  through  a  Coanda-typc 
nozzle  The  mechanical  flaps  or  nozzles  included  in  this  category  are  jet-control  devices  with 
small-flap  chord  ratios,  less  than  20  percent.  The  effect  of  (low  control  in  this  case  is  prin¬ 
cipalis  supcrcirculation  f  igure  41  shows  some  of  the  schemes  for  jet-flap  blowing  The 
references  by  Poisson-Quinton  and  Lepage. S1  Korbacher  and  Smlhar.*1  Lopez  ct  al..** 
McCormick.’ and  Lissaman*  have  been  useful  for  general  discussions  about  jel  (laps. 

Fore*  f  ftimain 

cat  TnDnmmi  A  jet-flap  geometry,  employing  slot  blowing  over  a  jet-control  flap. 

( c.  c  <  0.2)  is  pictured  in  f  igure  2 t>a  Ihe  same  definition  for  C  ^  in  Equation  (‘t)  applies 
here  The  section  lift  coefficient  C,  as  given  by  Equation  (10)  can  be  estimated  using  the 
interpolation  formulas” 

C,  *  2*  (I  +  0  151  v'T?  +  0.219  C  )  (25) 

'a  u  u 

c,  *  2y/?cM  ||  +  0  151  ^  +  0.139  (26) 

where  6  (or  6()  is  the  jet  angle  measured  from  foil  chord  line  Note  that  for  small  l  ^  and  at 
zero  angle  of  attack,  the  theoretical  section  lift  coefficient  is 

C,  a  3.54^  (I  +  t/c)6  (27) 

so  that  the  usual  lift  increment  AC,  (at  fixed  a)  is  also  given  by  the  same  expression.  As  in¬ 
dicated  in  figure  42.  the  slot  geometry  of  jet  flaps  is  important.  In  this  comparison,  the 
largest  AC,  is  achieved  when  the  jet  sheet  is  blown  out  through  a  Coanda  nozzle-control  (lap. 
especially  for  the  case  of  blowing  over  the  upper  surface. 
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The  "power  profile”  shown  in  Figures  41c  and  4ld  is  a  recent  jet-flap  foil  developed  by 
Smith  and  I  helander  40  Ihc  plug  in  the  blunt  trailing  edge  is  used  to  adjust  the  relative  si/es 
of  the  upper  and  lower  blowing  slots  Ihe  resulting  jet  sheet  can  lx*  aimed  as  desired,  with 
the  jet  momentum  directed  either  downward  for  high  lilt  or  attward  for  propulsion  thrust 
Test  results  in  Reference  40  on  a  22.5-perccnt-thick,  two-jet  foil  at  zero  incidence  indicate 
that  when  the  lower  slot  is  completely  closed,  for  high -lift  operation,  the  two-dimensional  lilt 
coefficient  increases  linearly  with  V/T^’,  with  a  slope  AC, ly/^  "  7.8. 

Some  sample  two-dimensional  jet-flap  data  from  water  tunnel  tests  described  by  Franklin 
and  Bailey41  are  shown  in  Figure  44  for  a  1 6-perccnt -thick  elliptic  foil  section  with  jet  angle 
i,  =  lH)  degrees  As  indicated  in  the  plot,  the  results  of  Franklin  and  Bailey  agree  well  with 
earlier  wind  tunnel  experimental  results  reported  by  \  A  Dmimock  for  a  I  2  5-percent  thick 
elliptic  section  jet-flapped  foil,  also  with  6(  ‘>0  degrees 


L*ti  f  mit*  Aspect  r«ik>  For  a  finite-aspcct-ratio  lifting  surface,  the  total  lift  is  also  given  by 

Fquation  1 1 1 )  as  the  sum  of  circulatory  lilt  plus  jet-reaction  lift,  for  small  6  and  a,  as 

C.  >  C.  +  C'  (a  +  6 1  where  the  circulatory  lift  is 
i  i  |-  u 


a  +  ki(  ,  61  C  (or  +  6) 

6  &  s 


<2Ki 


where  Kn  and  k^  are  pjrtial  span  factors  given  in  Filiations  (I2l  and  (  14 1  Again,  from 
Fquation  ill),  the  factor  FA  t  AK.  (  ^  l  corrects  for  finite-aspect  ratio,  and  a  plot  from 
McCormick-1  is  reproduced  in  Figure  44  kernes  4‘  has  presented  a  lifting-line  theory'  for  FA . 
valid  for  large  AR,  and  gives  a  comparison  with  several  other  theories  at  selected  AK  values. 
For  an  elliptical  planform  with  a  full-span,  elliptical,  jet-momentum  distribution  the  C  and 
C^  arc  equal 


J(s) 
q»  d  s  i 


J 

q«s 


=  c 


<2<>l 


where,  in  general.  (  ^ 


<4-S»  1 


Jtslds,  and  Jtsi 


m(siVts)  is  the  jet-momentum 


distribution,  and  cts)  is  the  spanwisc  chord  sanation. 

The  aspect-ratio  factor  F  ( AK,  C  )  for  untwisted  rectangular  planforms  with  large  aspect 
ratio  is  found  by  Tokuda41  to  be 
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Elliptical  Section  Shape 
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where  the  till  curve  slope  ('  is  given  in  )  quation  25 

a 

livuman'1  presents  a  method  tor  treating  arbitrary  geometry,  high  aspect-ratio,  jet- 
llapped  wings,  including  thickness  effects 

figure  4  5.  taken  from  Reference  44  shows  curves  of  the  total  derivatives  <dC,  dal  and 
(d(  L  d6j»  versus  ('  tor  an  elliptical  planform  wing  with  AR  =  (>  8  The  plots  also  show  that 
there  is  go<xl  agreement  between  the  theories  of  Masked  anil  Spence '  and  the  elementary 
vortex  distribution  (TVl)|  method  developed  at  MclfonnelTDouglas.  see  Lope/  and  Shell44 
and  Lope/  ct  al  I  he  I  VI)  method  is  a  lifting-surface  computational  model  which  can  be 
extended  to  a  great  variety  of  planform  shapes 

lor  application  to  submarine  control  surfaces,  rectangular  planform  shapes  are  typical 
To  predict  their  performances,  lor  example,  figure  4(>,  taken  from  Lope/  and  Shen,44  shows 
total  lift  derivatives  lot  uniform  full-span  blowing  at  (  ^  *  1.0  for  a  range  of  aspect  ratios 
I  he  jet-flap  theory  developed  by  I  rukson  and  Kaskel4'  for  rectangular  planforms  with 
an  elliptic  distribution  of  jet  momentum  coefficient  iv  specifically  designed  to  include  low 
aspect  ratios  figures  4'  through  4‘)  show  total  lift-curve  slopes  versus  ('  for  a  range  of 
interesting  aspect  ratios 

There  are  several  references  that  deal  specifically  with  jet-flap  applications  in  water 
I  ranklm  and  Hailey41  show  results  for  a  1 6-pcrcent-thic k  jot  flapped  elliptical  section  ob¬ 
tained  in  a  water  tunnel  fxpenments  were  conducted  under  both  nomas  Mating  and  cavita- 
ting  conditions,  so  that  some  preliminary  idea  of  the  variation  of  the  lift  and  drag  of  slot- 
blown  foil  performance  versus  cavitation  number  can  be  gained  from  their  work 

Kaplan  and  l-chinan4*  prevent  data  from  water  tunnel  experiments  with  jet  flapped, 
rectangular  foils  with  both  steady  and  oscillating  jet  angle  6,  The  V/ll—  ratios  considered 
in  Reference  4b  are  low  compared  to  the  usual  values  found  in  experiments  with  air 

Vcrhagcn4  presents  lift.  drag,  and  moment  data  from  experiments  with  a  rectangular 
planform  jet  flapped  rudder  tested  in  a  towing  tank  The  foil  is  equipped  with  a  Coanda- 
nozzle  jet -control  flap  with  c(/c  *  0  077h.  and  it  is  shown  that  for  fixed  o  and  6(.  the  lift 
increment  due  to  blowing  is  A(  ,  *  2  5  V^T s,n  V  40  ,ha*  dCj  =>  2  5 

Williams  and  Alexander4"  present  some  wind  tunnel  data  for  a  rectangular  planform, 
aspect  ratio  2  75.  jet  flapped  wing  with  an  uncambcred  12  5-pcrcent-thick  elliptic  section 
The  overall  lift  coefficient  for  arbitrary  6,  and  o  is 
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Enckion  ami  Kaikel  (1956) 

Erickson  ami  Kaskel  less  Supercirculation 
Malavaul  ami  Lepage 


(31) 


CL  =  C't  +  Cj  sin  <6j  +  a) 

p 

w)u-rc  C,  is  the  pressure  lift,  also  called  circulatory  lift,  denoted  C'.  elsewhere.  C,  ■  C  is 

p  Lp  i  V 

the  total  jet-momentum  coefficient;  6j  »  jet  angle  =  31.3°  for  the  results  shown  A  plot  of 
total  lit  t  coefficient  versus  \/C  is  reproduced  in  Figure  50,  showing  the  pressure  and  jet  - 
reaction  components. 

Fnglish  et  a)  ^  present  extensive  data  from  water  tunnel  experiments  with  an  aspect  ratio 
I  42,  rectangular  plantorm,  1 8-percent-thick  rudder  Tests  were  made  with  both  a  jet-flap 
arrangement  and  a  blown  trailing-edge-cylinder  scheme 

Kaplan  and  Goodman**1  have  considered  the  use  of  jet-flapped  fins  for  ship  pitch  control, 
and  they  present  some  preliminary  estimates  on  how  to  estimate  the  performance  limited  by 
cavitation. 

Fx  penmen  Is  and  theoretical  work  by  Das'1  * '  have  included  jet-flap  wings  with  rectan¬ 
gular  straight  and  swepthack  planforms  having  full  and  partial  span  blowing 

tai  on  c.cuiawy  Lift  As  noted  at  the  outset  of  this  chapter  on  circulatory  lift,  for 

finite  aspect-ratio  wings,  there  is  a  limit  to  the  lift  coefficient  C.  due  to  circulation  The 

*T 

theoretically  predicted  maximum  usually  takes  the  form 


Small  and  Moderate  /C 


(Cl,.)  "  <«!•>• 


large  AK  (2D  limit)  ((  l  -*  2»(l  +  t/c) 

V  1  '  m*» 


where  Kf-  is  a  con-.tant.  depending  in  part  on  the  planform  loading,  and  t/c  is  the  thickncss- 
tevchord  ratio  Fstimatcs  of  the  constant  factor  Kp  range  from  0  855  for  a  flat-trailing  vortex 
sheet*  to  I  U4  for  a  rolled-up  trailing  vortex  sheet.1 

I  he  maximum  is  seldom  realized  in  practice,  however,  the  subject  of  ft'.  \  is 

v  ‘r 

mentioned  specifically  in  this  section  about  irt  /Zaps  because  extremely  large  circulations  can. 
in  fact,  be  achieved  by  very  strenuous  jet-flap  blowing  Also,  practical  experimental  evidence 
for  highly  loaded  planforms  is  particularly  available  for  jet-flap  arrangements 

Of  course,  with  jet-flap  blowing,  the  jet-reaction  lift  can  produce  total  lift  coefficients 
much  higher  than  the  circulatory  maximum  It  is  interesting  that  in  actual  experiments,  the 
f,r  value  does  reach  an  obvious  plateau  For  example.  Figure  51  from  Lowry  and  VoglcrM 
shows  how  the  Cj  appears  to  have  an  experimental  maximum  of  10.5  for  an  aspect  ratio 
8  4.  jet-flapped  wing  This  gives  a  value  of  the  constant  Kr  *  I  25. 
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figure  SO  Sample  Data  for  Ihc  Lift  Variation  on  a  Rectangular  Planform 
Jet- Flapped  Wing.  -1R  *  2.75 
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Aj  •  31.3  diftm,  1 2 fcrrrnt  (hick  HlipOc  «rc(ma.  at  Q  ■  0.  HiNumi  and  \tr\andrt. 
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Onf :  Two  o.mwomi  An  example  of  the  variation  of  jet-flap  section  drag  Cd  versus  blow¬ 
ing  momentum  coefficient  is  given  in  Figure  52.  These  data  apply  to  the  same  16-percent 
elliptic  foil  of  Figure  43  Here  C'd  is  the  wake  drag  determined  from  a  pitot  survey,  so  that 
it  includes  the  jet  thrust  It  can  be  seen  that  this  two-dimensional  jet-flap  foil  becomes  a 
thrusting  device  at  about  C  3  0.035.  The  negative  slope  of  -0  40  indicates  that  there  is 
about  a  40  percent  thrust  recovery  of  the  ideal  pressure  thrust  from  the  jet  in  the  case  ot 
6j  =  *H)  degrees 

o»a«  fm»a«ki  R«t«o  The  net  drag  force  on  a  jet-flapped,  finite-aspcct-ratio.  lifting  sur¬ 
face  may  be  a  thrust,  negative  drag,  depending  on  the  extent  of  blowing  (  ^  and  the  magnitude 
of  the  lift  The  thrust  coefficient  can  be  expressed 

CT  •  r C -  —  (Cjj^  +  CD)  (34) 


where  r 


=  an  empirical  factor  accounting  for  a  loss  in  jet  thrust,  refer  to  Williams 
et  al.**  and  the  discussion  of  jet  flaps  presented  by  McCormick' 

=  profile  drag,  friction  plus  form,  modified  by  blowing 


*  - — - -  *  induced  drag 

*  AR  [I  +  2C^/f  ARI  c 


(35) 


(C  )  ■  CD  *  pressure  drag 

p  ui  p 

The  induced  drag  is  proportional  to  C*  and  contains  the  induced-drag  efficiency  c.  which  for 
elliptical  circulation  distribution  is  e  3  1  0  See  Lissaman'9  for  values  of  e  <  10  (or  rectangu¬ 
lar  planforms  with  various  values  of  blowing  coefficient  C  ^ 

An  example  of  typical  jet-flap  wing-thrust  data  is  given  in  Figure  S3,  from  Williams  and 
Alexander.4®  for  an  aspect-ratio  2.75.  rectangular  planform  This  thrust  corresponds  to  the 
lift  data  given  in  Figure  50  and  has  been  split  into  its  components  using  the  expression 


CT  3  Cj  cos  (6,  +  q)  —  (  p 


(3b) 


where  C,  *  C  is  the  total  momentum  coefficient,  and  C„  is  the  pressure  drag 

^  P 


Powwrmf 

The  fluid  power  required  for  jet-flap,  slot  blowing  can  be  estimated  from  the  same  ex¬ 
pressions  given  in  ihc  discussion  on  slot  blowing  over  mechanical  flaps,  i.c.,  Equations  (23) 
and  (24) 
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Figure  52  T»i>- Dimensional  Drag  versus  Jel  Momentum  Coefficient,  Data 

for  ihe  Jrt-Hipprd  Ih-Perceni-Thick  Elliptical  Shape  of  Figure  43 

If*  «1«TV.»  angW  a  ■  au  Jf|if«  |M  an(W  ij  ■  W  dayretc  lr»U»  and  tUitrv  ' 
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Figure  53  Sample  Total  Thrust  Data  Corresponding  to  Jet-Flapped  Wing-Thrust  Data 

of  Figure  50 

S  vafNMi  of  total  thru*!  (  j  »mi  (  j  In  rr<UnfuUi  ptanfocm  HI  •  2.7S.  It  *  0  .  fj  ■  JI.J  ,  ll.tfniml  thick 
rfliptu  M.  SAitm  in  J  kkundri  ** 
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DISCUSSION:  General  features  of  the  jet-flap  concept  are  that 

I  Lift  can  he  produced  independently  of  foil  incidence.  Ilus  could  be  of  value  lor  line 
control  purposes,  where  fluid  valving  would  give  a  vernier  adjustment  of  the  force. 

:  Lift  falls  off  proportionally  Co  v/mV-  U..,  instead  of  Ui,.  as  it  does  with  conventional 
flapped  foils. 

.V  The  relative  hydrodynamic  performance  of  jet  Haps,  based  on  equivalent  lift-to-diag 
ratio  is  relatively  pm>r  as  is  seen  in  Figure  I  Also,  the  lilt  augmentation  AC  ^AC^  is  low.  e.g  . 
ranging  from  ~5  to  0.3  for  two-dimensional  values  deduced  trom  the  data  ol  Williams  and 
Alexander4*  for  ft,  =  31.3  degrees  l  or  the  jet-flapped  loil  data  ol  Franklin  and  Hailey  1  with 
ft,  =  ‘Xf  degrees,  the  lift  augmentation  is  better,  ranging  from  28.5  to  7.8  at  =  0.02  and 
0  I.  respectively  I  he  power  profile  described  by  Smith  and  I  hclander40  displays  a  range  ol 
two-dimensional  lift  augmentations  in  the  high  lilt  mode  of  AC  ,  AC  ^  ^  8.3  to  4  at  C  ^  -  0.16 
and  1  0.  respectively. 

4  1  he  jet-flap  wing  typically  has  fairly  good  thrusting  capability,  compared  to  most 

other  slot  blowing  schemes,  since  a  good  percentage  of  the  blowing  momentum  mV  is  re¬ 
covered  as  thrust  1  his  would  represent  a  significant  force  only  for  very  heavy  blowing 
C  >10  which  in  turn  could  be  achieved  only  with  large  power  expenditure  Even  though 

p 

let  Hal's  are  better  thrusters  than  most  other  slot  blowing  concepts,  their  absolute  thrust  per¬ 
formance  is  inefficient,  sec  Smith  and  1  hclander  4 

X  From  test  results  by  Smith  and  Thelandcr40  the  profile  drag  of  blunt-based,  two-slot 
toils  such  as  the  power  profile  can  be  significantly  reduced  by  bleeding  fluid  out  of  the  If 
slots  under  ram  pressure  alone  This  type  of  artificial  streamlining  is  important  for  slot-blown 
CC  foils  too.  sec  the  next  subsection 

For  application  to  vehicle  control,  the  jet  tlap  would  be  relatively  simple  mechanically, 
provided  that  no  incidence  angle  capability  were  required  for  the  foil.  Then,  failure  of  the 
jet -pumping  system  would  render  the  control  useless.  It  the  foils  could  rotate,  too.  the  struc¬ 
tural  problems  would  be  more  complex,  however,  there  would  be  a  redundancy  in  the  force- 
producing  capability 

Valving  schemes  for  jet  flaps  for  producing  lift  in  cither  direction  have  been  studied  to 
some  extent  by  1  nglish  ct  al  4I) 

CIRCULATION  CONTROL  BY  TANGENTIAL  SLOT  BLOWING 

Circulation  control  (CO  by  tangential  slot  blowing  is  a  technique  for  obtaining  high- 
efficicncy  high  lift  performance  by  manipulation  of  the  separation  point  of  the  flow  near 
the  rear  of  a  foil  shape  having  a  rounded  trailing  edge. 
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For  typical  airfoil  shapes,  the  sharp  trailing  alge  is  the  critical  feature  that  positions 
the  aft  stagnation  point.  In  potential  How  analysis  of  airfoil  flows,  the  Kutta-Joukowski 
condition  is  always  applied  at  the  trailing  edge.  However,  if  the  foil  shape  has  a  bluff 
trailing  edge,  there  is  ambiguity  in  the  2D  potential  flow  model  as  to  the  location  ol  the  real 
stagnation  point  as  well  as  the  circulation  strength.  The  basic  method  of  circulation  control  is 
to  eject  a  thin  sheet  of  fluid  tangentially  over  the  end  ot  a  thick  toil  section.  Owing  to  the 
C'oanda  effect,  the  jet  sheet  tends  to  adhere  to  the  rounded  surface  until  it  reaches  around 
to  the  underside  The  angular  extent  of  the  jet  turning  is  governed  mainly  by  the  jet 
momentum,  jet-sheet  detachment  corresponds  to  the  rear  stagnation  point  Thus,  the  effec¬ 
tive  trailing  edge  and  the  circulation  strength  ot  a  (T  foil  arc  determined  by  blowing  momcn 
turn  instead  of  the  location  of  a  physical  sharp  edge  One  of  the  appealing  features  of  this 
technique  of  flow  control  is  that  large  lift  coefficients  can  bo  achieved  with  relatively  little 
blowing 

Figure  54  shows  several  variations  of  lifting  sections  that  have  been  used  for  C(  foils. 

Useful  source  material  on  this  concept  can  be  found,  for  example,  in  the  references  by 
kind  and  Maull.'5  Dunham. 46  Williams.5  and  Williams  and  Rogers. 5K  and  I  nglar  • 


Form 

Lin  TMOmmxxiti  An  elliptical  foil  section  is  shown  in  Figure  55  with  a  specified  angle 
of  attack  a  and  specified  position  of  the  rear  stagnation  point  given  by  an  angle  *y  It  t/c  is 
the  thickness- to-chord  ratio,  then  it  can  be  shown  that  the  potential  flow  section  lift  coeffi¬ 
cient  is 

=  2»(  1  +  t/c)  sin  +  -j-  jj  (37) 

and  thus  the  lift  derivatives  arc 

dCY’da  =  2ir(l  +  t/c)  cos  + 

( I  +  t/c )  cos  +  —  7 ^  (39) 

For  a  25-pcrcent-thick  section,  the  lift  curve  slopes  at  small  a  and  >  arc  <dC\,  da)  =  10w/4 
*  7  86.  and  ( <K  dy)  =  I0»  ■  314  This  shows  that  to  achieve  increased  lift,  changing  the 
rear  stagnation  angle  7  is  four  times  as  effective  per  degree  as  changing  the  angle  of  attack  in 
this  case  For  the  25-percent-thick  foil  at  rero  incidence  (a  =  0).  ir  the  stagnation  point  is 
deflected  by  the  amount.  7  *  5°.  a  theoretical  section  lift  coefficient  of  2.69  is  produced. 

•NSW*  lectin*  »l  Hole  XI  )*J  11970) 
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T  i>:ufr  44a  Blown  Slolisl  on  l  iiiular  (  \lindrr\ 
(Hinham^  and  Olearnin  and  Srcd  f*<1 


I  <»rr  44h  Blown  (railing  I  dgr  (  \  lindrr  on  a  Kmldrr 
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I  nglith  rl  al 


I  qjurr  <4i  T»«  Blown  Sk>t\  on  an  Floptical 

Foil  Shapr  with  a  Knumlrd  Trailing  Fdgr 

kind  and  Maul 


Fipurr  54  (  ircubiion-Conlrol  Foil-,  with  Tangential  Blowing  Slot% 


Ol  course  itus  simple  analysts  negl eels  completely  any  real  fluid  effects  such  as  leading-edge 
or  suction-face  separation  In  general  these  effects  degrade  the  lilt  performance  A  schem¬ 
atic  of  the  real  flow  is  shown  in  f  igure  5b 

lire  jet  sheet  is  issued  from  the  aft-aimed  slot  with  the  momentum  llux  mV  and  the 
section  momentum  coefficient  is  defined  in  the  usual  way 

■  mV|/q-c  <40  > 

Unfortunately  the  relationship  between  the  amount  of  blowing  ('  and  the  effective  angle  7 
involves  a  boundary  layer  problem  of  great  complexity.  It  is  too  difficult  for  reliable  pre¬ 
diction  by  present  methods  lienee  the  sanation  of  C^and  (dCJdC^ )  versus  must  be  de¬ 
termined  by  expenment 

I  he  range  of  Up  values  normally  required  lor  effective  results  by  tangential  jet  blowing 
are  mostly  in  the  range  of  (0  <  t  ^  <  0.25 1  f  or  example.  Kind  and  Maull''  restnet  their 
interest  to  the  range  0  <  (  ^  <01  Hus  means  that  the  jet  flows  typical  of  this  form  ol 
<\‘  are  almost  never  strong  enough  to  provide  a  jet-flap  effect  of  the  type  discussed  in  the 
previous  section 

for  reference,  some  example  data  (or  the  section  lift  characteristics  of  the  particular 
I'C  toil  shown  in  I  igure  5"  are  given  here  figures  58  through  b2  are  reproduced  from 
fnglar*  and  show  the  lift  performance  of  a  15-percent  elliptical  section  with  a  round 
trailing  edge,  having  a  radius  to-. hord  ratio  of  0  0403  and  a  tangential  blowing  slot  of 
thickness  h  c  of  0  0015.  located  at  x  c  0.9h  In  f  igure  50.  u  is  seen  that  there  is  a 
steeply  rising  relationship  between  <  s  and  (  ^  fins  is  revealed  further  in  the  curves  of 
lift  augmentation  At  s  At  ^  versus  given  in  figure  bO  for  example,  at  zero  incidence 
u  0.  the  lift  augmentation  starts  out  at  approximately  At't  At  ^  "  b0  and  decreases  to 
about  40  at  t  t  •*  2 

It  is  interesting  to  note  that  the  maximum  values  of  lift  augmentation  occur  at  certain 
nrgjtiyf  angles  of  attack  A  distinctive  property  of  ("('  foils  is  the  ability  to  generate  high 
positive  lift  efficiently  at  negative  incidence  Rucker  ft  foils  also  show  this  effect,  see 
R  J  fnglar  ** 

Detailed  section  lift  data  for  elliptical  sections  can  be  found  tor  example  in  the  ref 
cremes  by  Osborn  and  KcltJy,‘*  and  in  work  at  the  Center  by  K  )  fnglar. •••••  and  by 
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MihIoI  (loomrin  of  a  I  5-PcrcrnlThick  I  lliptic  C’ireutalion-Conlrol  Foil 
with  a  Rounded  Trailing  Ldgc 

lHi»  fv«tm  fr«r»  with  fh»t  (<mI  arr  rrpn«Ju«r<J  in  I  ifurr«  M  fhnuaftt  AO 
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iMOilHOD  lilt 


ANGli  Of  ATTACK  n  lOfGAtESI 


Figure  5H  Lift  Variation  vcnw  Angle  of  Attack 

n»«»  Irm  •  nMMHled  flif*  15  pm«i  tfcuk  un.amhrtrd  tvrwhUnn-mAliol  M,  gj.  I  ngtai 
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Figurr  hO  Lifl  Augmentation  for  RouiMtetl  l  llipsr 

Oatt  (|M  >  I  $  P*f  t*n1  ttm  k  umamhrml  .mulalKKi.otili^  foil.  RJ  ln|Ui 
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CHORDWISE  STATION  x/c 

figure  61  Variation  of  Procure  Coefficient  vemis  Chords ise  Position  for  a  Rounded 
Mlipxe  1 5-Percent -Thick  I'ncambered  Circulation-Control  Foil 

( ntr*^nndt  an  <1  »  J  4t%xtt*  I ur»»  m  I  |wr  59.  Tina  <#»>»<  trading  rdgr  »c1to«  Irani  al  <'  *  0.I9J;  and 
atara  Ihnx  kxilH.fl  and  rrtnlrrr  tut  n(  |  erding  l  d(f  and  Trading  f  Aft  Million  prrMurr  |>r»ki  al  rrprrnrntainr 
lalurt  of  (  j  ,  R  J.  T  nglat . 


SECTION  GEOMETRY  SHOWN  IN  FIGURE  57 


MOMENTUM  COEFFICIENT 


Figure  62  Variation  in  Drag  (  oefficicnl  venu*  Momentum  Coefficient 
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R  M  Williams  and  H  J  Howe.*  Dunham56  and  Cheescman  and  Seed6*'  present  results  on 
circular  cylinder  CX'  foil  sections 

One  of  the  best  performers  among  all  the  known  CC  foils  tested  to  date  is  a  20- percent- 
thick.  5-percent-cambered  elliptic  foil  with  a  rounded  trailing  edge  reported  on  by  K  M 
Williams  and  H  J  Howe  *  As  an  example  of  its  lift  characteristics,  at  zero  foil  incidence  and 
•k  =  1.0,  the  section  lilt  augmentation  ratio  is  A(\/AC  =  100  C  amber  obviously  is 
beneficial  to  hit  producing  capability,  however,  cambered  foils  usually  are  inappropriate  to 
the  applications  envisioned  for  most  marine  vehicle-control  surfaces  where  symmetric  lilt 
characteristics  are  desired 

A  typical  variation  of  the  fluid-pressure  distribution  over  the  1 5-percent-thick  rounded 
ellipse  Cl  foil  is  shown  in  figure  6l  lor  the  case  of  incidence  angle  a  =  +  3  degrees  The  point  to 
note  is.  for  example,  that  to  achieve  a  C,  =  3.369  (AC,  =  2  9o9)  at  l  ^  =  0.193.  the  leading- 
edge  suction-pressure  peak  is  C'p  -5.0.  and  the  trading-edge  peak  is  C  -  -10.25.  If 
such  a  foil  were  used  at  sufficiently  high  speed  and  at  sufficiently  shallow  submergence, 
difficulties  with  cavitation  would  be  encountered  first  at  the  Tf  blowing  slot  and  next  at 
the  Lf  suction  peak  The  simplest  criterion  for  the  limit  imposed  by  vapor  cavitation  is 
when 


where  =  ( p  P,  f  9«*.  and  p<  -  vapor  pressure  Typical  values  of  at  submergence 
of  19  feet  are  46  |  and  2  HK  at  ll^,  =  5  knots  and  20  knots,  respectively.  C  ertainly  at 
slow  and  moderate  speeds,  it  is  anticipated  that  foil-surface  cavitation  would  be  no  problem 
I  his  also  indicates  that  there  could  be  problems  at  high-speed  operation,  especially  with 
thin  foils  for  the  same  C  a  thicker  foil  will  display  less  extreme  values  of  the  C 

1  min 

peaks,  and  this  will  extend  the  surface  cavitation-inception  speed  This  approach  has  its 
limitations  because  increasing  thickness  is  accompanied  by  an  increase  in  drag  Some 
discussion  is  presented  by  Williams  anil  Rogers'1*  on  the  aerodynamic  characteristics  of 
C'C  foils  at  high  subvinic  Mach  numbers  where  the  pressure  distribution  and  suction  peaks 
are  also  intimately  connected  with  the  degradation  of  lift  performance 

Lin  i««h  a ip*ci  Rain  For  cmde  estimating  purposes,  the  following  expression  for 
lift  coefficient  could  be  applied  to  a  wing  with  partial  span  slot  blowing  that  effects 
the  area  Sf 
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(41) 


where  (dtyda)  =  2ir( 1  ♦  t/c> 

(dC(  dC^  )  2  2kCt  C  from  experimental  21)  data  and  averaged  over  the  blowing 
portion  of  the  span.  C  *  total  jet-momentum  coefficient  assumed 
*  C  for  convenience  (see  Equation  (2*))) 


V  3  s,  s 

Fa(ARi  = 


I 


t  ♦  2  R 

ft 

AH 


2i  1  ♦  AK  i 

tt  =  ratio  of  semipenmetcr  to  span 


for  \K  large  or  moderate  <  4K  >  1 ) 


for  AK  <  I 


o««  r«o  OHmnwxui  Some  examples  of  section  data  on  drag  characteristics  of  CC 
foils  are  given  figure  f>2  from  K  J  Fnglar*  shows  the  drag  coefficient  Cd  as  a  function 
of  the  momentum  coefficient  C  for  the  same  1  5-percent-thick  rounded  elliptical  section 
used  for  obtaining  the  lift  data  of  Figures  5K  through  60  As  is  obvious  from  the  curves, 
the  section  drag  Cd  for  a  CC  foil  can  sometimes  be  drastically  reduced  by  blowing 
f  specially  at  large  negative  values  of  angle  of  at  task,  the  Cd  is  quickly  reduced  to  minus 
values  with  increasing  C  When  the  angle  of  attack  is  positive,  the  drag  advantage  dis¬ 
appears  and.  in  fact,  for  large  ♦  a.  the  (  d  begins  to  rise  steeply  with  C 

In  the  case  of  no  blowing,  the  drag  on  the  typical  blunt  shapes  of  CC  foils  could 
constitute  an  undesirable  penalty,  especially  at  high  speeds  This  is  also  a  problem  with 
the  blunt  foils  using  trading-edge  rotating  cylinders  tor  C(  However,  for  tangentially 
blown  CC  foils,  the  pressure  drag  over  the  rounded  rear  end  can  be  reduced  by  symmetrical 
blowing  from  slots  on  the  upper  and  lower  surfaces,  eg  .  foil  of  figure  54c.  In  this 
case,  of  course,  the  reduction  of  drag  is  accomplished  by  the  exjx’nditure  of  fluid  pump¬ 
ing  power 


Equnawm  Section  d«o*  -  I  he  equivalent  drag  coefficient  C'd  is  defined  to  contain  a 
penalty  for  the  power  required  for  blowing  systems,  (see  fnglar**  and  Williams'  ) 
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cd  -  Cd  ♦  C-d  ♦  cd 

c  pump  ram 


where  C'j  =  section  profile  dra#  *  wake  drag  corrected  tor  added  mass  elllux  ol  jet 

t  =  (Pump  Power/U.J  cii„.  where  Pump  Power  ^  pV^U 

pump 

(.  =  IpQILI  q.c.  where  ptJU,*,  is  the  momentum  drag  force  caused  by 

ram 

ingesting  the  flow  rate  O 

I  tie  final  expression  tor  t  j  contains  and  the  jet-velocity  ratio 


C,  B  C\  * 


7  it)  * ( v) 


figure  h3  shows  a  plot  ol  section  drag  versus  (  ^  with  typical  variations  ot  the 
components  making  up  the  equivalent  drag  (j  Ihis  plot,  reproduced  Irom  fnglar.* 
is  for  a  30- percent-thick  elliptical  Ct  foil  with  a  1.5-percent.  circular  arc  camber,  tested 
at  zero  geometric  incidence. 

section  itfKMncv  -  A  good  measure  ot  the  section-lilt  efficiency  is  the  equivalent 
lift-todrag  ratio  figure  <»4  shows  the  variation  ot  Cj/(d  versus  (j  for  the  same  15- 
pcrcent-thick  rounded  elliptical  CC  toil,  described  in  previous  plots,  see  figures  58  through 


Oral  Fmita  Aipaci  Ratio 


The  drag  coefficient  for  a  finite-aspcct-ratio  lifting  surface  can  In- 


estimated  using  the  expression 


rd  *  C  D. 


khere  Cd  =  an  average  over  the  span  of  the  section-drag  coefficient,  as  modified  by 
blowing,  and  Cp  =  induced  drag,  estimated  from  Equation  (8) 


Sutxnaxna  ApplM»»loo 

The  CC  concept  has  already  been  explored  to  some  extent  for  use  in  submarine 
control  f  or  example,  a  design  method  tor  the  typical  small  aspect-ratio,  tapered-stem-planc 
ointrnl  surface  has  been  developed  by  R  J  fnglar  and  R  M  Williams**  at  the  (enter 
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DRAG  OR  EQUIVALENT  DRAG  COEFFICIENT  C.  OR  C 


I  inure  (v'a  shows  the  geometry  of  the  submarine  stern  planes  figure  h5b  shows  the  design 
ot  an  aspect  ratio  0  ‘*08.  tapered  CC  wing  tor  which  there  is  a  linear  variation  of  t/c  trom 
the  root  to  the  tip  I  his  wing  will  produce  a  lilt  coefficient  of  (  t  =  0  ^5  at  a  geometric 
incidence  a  0.  a  let  velocity  ratio  V  U_  s  8.  and  a  total  jet-momentum  coefficient 

#co  I 

(  2!  0  1 
P 

fo««r  mg  E  ifimctti 

I  he  expressions  tor  estimating  the  fluid  power  required  for  slot  blowing  given  in 
Equations  (21>  and  <24i  apply  here  as  well 

DISCUSSION  Several  important  features  of  this  CC  concept  are  summarized  as  follows 

1  l  ilt  may  be  produced  without  imposing  toil  incidence,  merely  by  changing  the 
slot-blowing  tlow  rate  Of  course  lilt  can  be  generated  by  both  incidence  and  tangential 
let  blowing  however,  the  latter  is  apparently  very  efficient 

2  I  rom  two-dimensional  experiments,  sectional  lilt  can  lx-  developed  nearly  inde¬ 
pendent  of  free  stream  velocity  I  or  example,  as  seen  in  I  igurc  5**.  there  is  a  nearly 
linear  relationship  between  C  k  and  C  in  the  range  of  small  (^  Ihis  means  that  over  a 
lairly  large  range  ot  parameters,  section  lilt  is  proportional  to  mV  .  which  can  be  kept 
constant  b\  maintaining  constant  plenum  pressure  pd  1  or  low -aspect-ratio  lifting  surfaces, 
using  (  (  by  tangential  blowing  the  hlt-induccd  flow  v.an  alter  the  net  angle  of  attack  at 
each  section  across  the  span  of  the  wing,  this  in  turn  <.an  introduce  a  variation  of  the  net  wing 
lift  coefficient  (  l  versus  (  that  is  different,  not  necessarily  linear,  from  the  simple  two- 
dimensional  variation 

I  Lift  can  lx-  developed  very  efficiently  at  high  lilt  coefficients  This  can  be 
seen  from  typical  curves  of  hydrodynamic  efficiency  C'j  (d  lor  example.  1  igure  t»4 
shows  the  variation  of  equivalent  lift-to-drag  ratio  for  the  uncambered  1 5-perccnt-thick 
CC  foil  discussed  in  this  subsection 

Relative  to  other  high  lilt  concepts,  the  hydrodynamic  performance  of  (  (  foils  is 
goixl  1  he  very  best  performers  among  the  slot-blowing  CC  foils  are  evident  in  the  plots 
of  effective  lift-to-drag  ratio  in  figure  I  The  two  standouts  are  (I)  the  20-percent-thick. 
‘'-percent -cambered,  rounded  11  elliptic  foil  te'*cd  by  R  M  Williams  and  H  J  Howe  at 
the  (  enter  Data  for  this  foil  show  that  the  maximum  Cj/('d  value  is  ~93  at  zero  in¬ 
cidence  with  -  I  t  Data  from  further  tests  indicate  even  better  performance 
/(  (  j  \  MS  at  Cj  =  I  .1  Ihc  same  foil  displays  a  fj/C(  value  of  10  at  a 

V  r/ mat 

section  lift  coefficient  (  <  =»  bO  <2l  The  second  example  is  a  50-percent-thick  elliptic 
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foil  with  two  blowing  slots,  the  performance  of  which  is  mentioned  in  Williams  and 

Rogers  '*  This  foil  achieves  a  /( k  C'^  \  =  37  at  C  t  =  4.7  and  maintains  a  respectable 

V  '/ nut 

Cj  (  j  =  23.  even  at  a  section  htt  coefficient  greater  than  7  0 

C 

4  typical  values  of  lilt  augmentation  are  impressive  lor  example,  at  zero  inci¬ 
dence  the  I  5-percent-thick  uncambcrcd  foil  shown  in  f  igure  5X  has  M  '  60  at 

Cj  0  5  I  ven  at  high  lilt  lather  thin  foils  tan  maintain  good  efficiency  I  or  example, 
the  previously  mentioned  20-pcrcent-thick.  5-percent-cambered  foil,  developed  by  Williams 
ind  Howe  displays  a  M  ^  "  27  at  C‘t  6  2 

5  it h  (V  toils  it  is  possible  to  achieve  experimental  values  ol  section-lift 
coefficient  close  to  the  theoretical  maximum  2m  I  ♦  t/cl.  sec  Reference  57 

(i  I  here  is  an  obvious  kinship  K-t  ween  slot-blowing  circulation  control  and  the 
use  of  rotating  cy  linders  at  the  II  ol  a  foil  I  he  latter  is  discussed  in  the  moving 
surfaces  subsection  on  powered -lilt  devices  In  the  case  of  slot-blowing,  the  rear  stagna¬ 
tion  point  is  determined  by  the  let-momentum  coefficient  (  ^  In  the  case  of  I  I  rotating 
cylinders,  the  separation  point  is  determined  bv  the  ratio  of  cylinder  peripheral  vclocity-to- 
Irec  stream  velocity  u  V  One  way  to  compare  the  relative  efficiencies  ol  the  two  tech¬ 
niques  of  circulation  control  is  on  the  basis  of  the  equivalent  lilt  to-drag  ratio  Using 
available  information,  collected  in  figure  I.  it  appears  that  the  two  (V  techniques  are 
quite  comparable,  at  least  lor  uncambered  foils,  considering  a  20-percent  thick  slot-blown 
CX’  foil,  compared  with  an  I N  2  percent  thick.  II  rotating-cyhnder  foil 

Another  way  to  compare  performance  of  the  two  (C  concepts  is  the  lilt  increment- 
to-power  ratio  As  an  example,  from  the  data  of  I  igurc  5*>  for  the  I  5-percent-thick  CX' 
foil  texted  by  R  J  I  nglar*  at  zero  foil  incidence,  the  blowing  momentum  coefficient  is 
(  ^  0  02K  to  achieve  a  section  lift  Cj  '  1  12  Then  the  two-dimensional,  lilt  mcrement-to- 

power  ratio  is 

( 

-  -  20.56 

(>r 

which  is  about  0  45  of  the  value  achieved  by  an  I  H  2-pcrccnt-thick.  If  rotating-cyhnder 
foil  also  producing  (  ,  —  I  12  for  comparison,  the  20-prrcent-thick.  5-percent-cambered. 
slot-blowing  C(  foil  tested  by  Williams  and  Howe**  achieves  a  more  impressive  value  of 
M\fCf  ^  66  9  at  C,  -  1.5. 

f  or  application  to  submanne  control,  the  slot-blowing  CX  concept  would  be  relatively 
simple  mechanically  Because  it  is  capable  of  lift  without  foil  incidence,  a  CX'  control 
surface  could  provide  a  force ‘either  up  or  down  by  proper  valvinf  through  the  lower  or 
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upper  slot,  see  Figure  65  A  (allure  of  the  jet  pumping  system  would  mean  no  control- 
force  capability  unless  the  foil  incidence  could  also  be  changed. 

As  with  blown  flaps,  problem  areas  include  fouling  ol  the  slots  by  marine  growth, 
possible  noise  generated  by  the  jet  sheet,  limitations  imposed  by  cavitation,  and  small- 
aspect-ratio  end  effects  interfering  with  good  Coanda  flow,  especially  at  the  juncture  ol 
the  control  surface  with  the  hull  With  a  submarine,  there  are  intervals  when  no  control 
force  is  demanded  from  a  control  surface  During  these  times,  it  should  Ik  feasible  to 
bleed  water  continuously  out  of  symmetric  slots  at  a  rate  sufficient  to  prevent  louling, 
and  at  the  same  time  reduce  the  profile  drag  on  the  blunt-end  foil  shapes  As  mentioned 
previously,  and  in  the  discussion  of  jet  (laps.  Smith  and  Thclandcr40  have  shown  that  ram 
pressure  is  apparently  sufficient  to  provide  enough  weak  slot  blowing  to  reduce  significantly 
the  profile  drag  on  similar  shaped  blunt  based  foils,  e  g  .  on  the  so-called  power  profile 

fJCCTOA  FLATS  AOCJMtNTOn  nviwc 

If  elector  augmentation  is  applied  to  the  jet  sheet  blown  over  a  flapped  lifting 
surface,  the  resulting  device  is  often  referred  to  as  an  augmentor  wing  The  mode  of 
operation  of  an  ejector  resembles  that  of  a  jet  pump  l  hat  is.  when  a  jet  is  issued  out 
of  a  nozzle  into  a  mixing  chamber  formed  by  shrouds,  there  is  a  strong  secondary  flow 
induced  by  entrainment  of  the  surrounding  fluid  1  he  induced  flow  gives  rise  to  a  thrust 
augmentation  of  the  original  jet-reaction  force 

The  elements  of  simple  ejector  augmentation  are  presented  lor  example  by  McCormick 
A  schematic  drawing  of  a  simple  ejector  geometry  a  nozzle  blowing  inside  a  shroud  is 
shown  in  figure  66a  The  thrust  augmentation  tactor  is  dctined  as  0  *  (thrust  of  jet 
♦  shroud)  (thrust  from  plain  jet)  Then,  it  can  Ik  shown  that 

0  *  pUj  A/pVJAj  *  (Uj/VjJ/fAj  A)  (45) 

which  is  plotted  in  figure  66b 

large  viscous  shearing  and  turbulent  mixing  at  the  expanding  boundary  of  the  pri¬ 
mary  jet  are  responsible  for  the  entrainment  of  the  induced  flow  To  achieve  the  ideal 
O-value.  complete  lossless  mixing  within  the  shroud  is  required 

Further  information  on  thrust  augmentors  is  discussed  by  McCormick5  and  in  an 
encyclopedic  work  by  Payne*1  which  contains  an  extensive  bibliography 

In  the  case  of  the  augmentor  wing,  it  is  not  only  the  thrust  augmentation  that  is 
interesting  but  also  the  presence  of  the  secondary  flow  The  shrouds  can  be  shaped  and 
oriented  so  that  the  entrained  flow  is  turned  efficiently  through  some  desired  angle  This 
is  useful  for  the  flow  ov*r  a  flapped  wing  Figure  67  shows  a  sketch  of  a  typical  recent 
design  of  an  ejector  flap  wing  *'  The  shroud-flap  passage  provides  the  mixing  chamber 
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tor  the  jet-induced  flow  Here,  the  flow  over  the  suction  side  ot  the  wing  is  turned  down, 
over,  and  through  the  flap  mechanism  Supplementary  control  jets  help  energize  the 
boundary  la>er  so  that  it  can  negotiate  the  turn  and  improve  mixing  Also,  the  entrained 
flow  entering  the  upper  end  of  the  mixing  passage  acts  like  a  sink,  which  has  a  beneficial 
effect  on  the  llapped-wing  flow  Hence,  lift  augmentation  is  obtained  simultaneously  from 
three  different  physical  effects  a  deflected  mechanical  flap  system,  an  ejector-augmented 
jet-flap,  jet  sheet  directed  down  and  rearward,  and  the  induced  sink  flow  at  the  flap  knee. 

Fof«i  CntmaM 

ii*i  t wo OifflMnnii  A  thin-airfoil  theory  of  ejector-flapped  lilting  section  has  been 
presented  by  Woolard  61  The  results  resemble  those  discussed  earlier  for  the  jet-augmented 
flap  If  the  net  ejector-induced  flow  (figure  bKal  is  regarded  as  a  sink  flow  ol  strength  Q. 
located  at  the  intake  of  the  ejector  shrouds,  then  figure  <>Kb  is  a  definition  sketch  for  the 
idealized  geometry  analyzed  in  Reference  63  The  section-lift  coefficient  is  expressed  as 


v  *>  /  {**,)  '  \*J  9 


(40) 


where  a  c  angle  of  attack 

6(  «=  flap-shroud  deflection  angle 

C  U  sU.  ■  suction  flow  coefficient 

The  thin  foil  derivative  (dCt  da)  is  a  function  of  the  final  ejector  exit-momentum  coefficient 
C'j  and  is  plotted  in  figure  TV  wticre  C  ,  Curves  tor  the  derivative  (<H  k  ftfi, )  are  given 

in  f  igure  34  The  remaining  derivative  (rtC4  <t(  I  is  obtained  by  Woolard*'  and  is  repro¬ 
duced  in  figure  69. 

The  magnitude  of  the  suction  coefficient  Cg  depends  on  the  geometry  ot  the  ejector 
and  upon  various  velocity  ratios  Woolard  presents  an  idealized  analysis  of  the  eje-tor 
operating  with  a  forward  speed  (f  igure  70a).  where  his  definition  of  the  net  suction  flow 
rate  0  is  taken  as  the  gross  secondary  flow  minus  the  quantity  l'oo\-  figure  70b 
Details  on  determining  the  ejector  exit  momentum  coefficient  C,  as  a  function  of  the 
primary  jet  momentum,  forward  velocity,  and  ejector-area  ratios  are  given  in  Reference  63 
fignre  7|a  shows  the  effect  of  forward  speed  and  area  ratios  on  the  magnitude  of  the  net 

A 

suction  coefficient  The  quantity  U(  is  defined 


Q,  s  p «.»7p 


(47) 


where  P  is  the  total  pressure  of  the  primary  jet.  and  p„  is  the  free-stream  static  pressure 
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figure  t»Kh  Pun  \irfoil  Representation  of  an 
lector  Mapped  Hing  Section  with  an 
I  p  per  Surface  Intake  Onl> 


Tigurr  6S  fcjecfor  I  tapper!  U  mg  Section 

Skrtslwt  from  Httogrd^^ 


Figure  69  lift  Charactemtic*  of  Suction 
Airfoil  with  Regular  Blowing 
O  •  I  for  M  on  ippar  artm 
O*  -I  fat  aWk  oa  krww  aurfar* 
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Ftyurr  'Ou  Schematic  Representation  of  in  Ejector 
FUp.  C,  •  pt'j  fyq^ 

Figure  70  Linearized  Theoretical  Eject ur  Flap  Analysis 
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Iqurr  71a  Ratio  of  Suction  Coefficient  lo  Jet- 
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Figure  7|b  Relator  Lift  Performance  of  Fjector- 
Flapped  and  Jet-Augmented-Flaped  Mings 


rf*  tot  flap  lift,  (  l  »  let-augmetiled  flap  lifl : 
Wootatd  J 


Figure  71  Linearized  Theoretical  Ejector  Flap  Performance 
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Ot  course  it  is  interesting  to  compare  the  ideal  performance  of  an  ejector-flapped  foil 

with  a  similar  jcl-augmented-flappcd  foil,  f  igure  7|b.  reproduced  from  Woolard63  show's 

the  ratio  of  ejector-flap-lift  C.  to  jet-augmented,  flap-lift  C.  with  contours  of  constant 

EF  _  *jr 

tlap  angle  6(  and  two  different  primary  jet-slot  heights  hj/c.  This  graph  shows  that  the 
ejector-flap  is  superior.  es|>ecially  for  jet  velocity-to-forward  speed  ratios  U  /U..  >40  Also, 
the  relative  performance  of  the  ejector-flap  is  better  at  smaller  values  of  flap-deflection  angle 
6,  I  his  is  because  the  relative  suction  contribution  to  the  lift  is  larger  at  lower  (lap  angles 

f«umAip*ci  R<u>  lo  give  some  idea  of  the  magnitudes  of  measured  lift  and  drag  co- 
etticicnts  obtained  with  such  devices,  figure  72  shows  data  from  kocnig  and  (  orsiglia64 
for  a  large-scale-model,  aspect  ratio  8  wing  with  a  partial  span  augmentor  flap  blowing  at 
(^  =  115  I  he  theory  curves  on  the  graph  are  calculated  by  Lopez  and  Shcn.*4  using  the 
Douglas  1  VI)  method 

Rtqwranmt  (liven  certain  geometry  and  jet-momentum  values,  the  fluid  power 
required  by  the  primary  jet  of  an  ejector  wing  can  lx-  estimated,  using  the  formulas  already 
mentioned  in  a  previous  outline,  see  fquations  (23 land  <24i 

DISCUSSION  Ihe  augmentor  wing  is  txing  considered  seriously  (or  use  with  vertical  short 
takeoft  and  landing  t\  STOL)  aircraft  for  example,  the  integrated  lift -propulsion  scheme 
of  the  North  American  XI  V-I2A  is  a  form  of  ejector-llap  jet-wing  Ihe  main  appeal  o(  this 
type  ot  device  is  in  its  static  and  near-static  performance  for  use  in  hovering  and  transition 
flight 

It  is  possible  to  improve  upon  the  simple  ejector  augmentation  by  use  of  diffusion  of 
the  flow  downstream  of  the  well-mixed  region,  see  McCormick  ’  Morel  and  Lissaman65 
have  shown  that  by  using  a  jet-flap  dilfusrr  at  the  exit  of  the  mixing  chamber,  the  secondary 
flow  can  be  amplified  further  I  his  fact  ian  be  exploited  in  designing  an  augmentor  wing 
for  example,  figure  73  shows,  a  sketch  from  the  U  S  patent  by  Harm66  that  uses  jet-flap 
diffusion 

for  application  to  marine  vehicles,  this  device  as  presently  developed  has  some  disad¬ 
vantages  It  would  probably  be  prone  to  fouling,  and  there  would  lx  problems  making  the 
shrouds,  guide  vanes,  etc  .  robust  enough  for  use  in  a  marine  environment  The  complex 
flap  shrouds  would  have  large  drag  at  high  speeds 

Aside  from  the  mechanical  complexity  of  the  ejector  shrouds,  the  augmentor  wing 
concept  resembles  the  blown  flap  Therefore  the  main  points  of  discussion  regarding  blown 
Haps  apply  here  as  well 
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figure  72c  PnUr  Plot* 


tgtirr  72  Data  and  Calculations  for  an  Aspect-Ratio  H  Augmenlor  Wing 
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From  its  intrinsic  performance  characteristics,  the  ejector  flap  would  tv  most  useful  at 
low  speeds  If  the  flap-sluoud  system  could  tv  developed  to  fold  up  or  could  tv  retractable 
at  high  speed ,  a  symmetric  version  of  this  device  could  tv  an  excellent  technique  of  integrating 
a  flapped  foil  together  with  an  onenlahlc  augmented  waterjet. 

COMfllNEO  BLOWING  A  NO  SUCTION 

For  certain  types  of  powered  lifting-surface  concepts  that  use  jet  (slowing  to  improve  the 
lift  performance,  suction  may  tv  employed  to  stimulate  further  the  induced  circulation 
Blown  mechanical  flaps  and  the  jet-flap  are  two  examples  discussed  in  the  following  text 
Sometimes  the  combination  has  very  attractive  lift-augmentation  properties 

Suction  can  tv  applied  cither  through  patches  of  porous  surface  area,  or  through  slots 
In  some  arrangements,  the  combination  ot  blowing  and  suction  is  accomplished  by  using  an 
ejector-pump  configuration  Some  o!  these  schemes  resemble  the  ejector  flap  concept  dis¬ 
cussed  previously,  except  that  in  these  configurations,  the  ejector  typically  appears  to  Iv  an 
afterthought,  buried  in  the  top  face  of  an  ordinary  flap 

I  he  circulation  augmenting  effects  of  suction  alone  are  discussed  separately  in  later 
subsections 

Blowing  and  suction  parameters  are  <  ^  and  (  y  .  defined  as  usual.  Here  the  volume 
flow  rate,  Q.  refers  to  the  suction  flow  For  two-dimensional  cases 

=  mV  q„c 

(48) 

<o  “g/u-c 

where  rn  =  blowing  mass  flow  rate  per  unit  width 
c  *  chord 

(J  =  suction  quantity-flow  rate  per  unit  width 
For  finitc-aspect-ratio  cases 

<  *  *  mT  VJ^-S 

(49) 

<o  =<Vl,-s 

where  m.  and  Q  arc  total  rates,  and  S  is  the  reference  area,  usually  wing  plan  form  area 
T  T 


Lift  Force  Eitimrii 


I  igurc  '4  shim*  some  two-dimensional  test  results  reported  by  Malavard  el  al  67  on  a 
30- percent -flapped  aerofoil  with  both  flap  suction  and  jet  flap  trailing-edge  blowing.  The 
Uppcr  curvc  sh<w*  ,he  <>«  distributed  suction  through  a  perforated  surface  just  aft  of 
the  knee  ol  the  45u  deflected  flap  Ihe  blowing  jet  is  angled  at  31°  to  the  flap  chord.  The 


amount  of  suction  is  sufficient  to  maintain  attached  boundary  layer  flow  over  most  of  the 
flap  surface  Ihe  lowest  curve  shows  the  pure  jet-flap  performance  with  no  flap  deflection, 
no  suction,  and  jet  angle  &  *  7b°.  When  the  flap  ,s  deflected  at  45°  hut  with  no  suction, 
the  middle  curve  shows  the  C't  versus  C  variation 

In  I  igure  5  two  possible  design  solutions  are  sketched  which  exploit  the  results  ol 
» igure  "4  The  first  case  uses  a  flapped  airfoil  the  second  uses  a  jet-control-flap  applica¬ 
tion  Both  these  arrangements  are  such  that  the  suction  flow  is  induced  by  the  action  of 
ejector  pump  nozzles 

I  igure  o.  reproduced  from  Poisson-Qutnton  and  Lepage,®  shows  the  lift  variation  for 
combined  slot-suction  and  slot-blowing  at  the  slightly  rounded  trailing  edge  of  a  two- 

dimensional  airfoil  I  his  pi  of  illustrates  the  separate  linear  increase  of  (  with  V/T"  and 
with  CQ .  M 


I  wo  other  suggestions  for  combined  blowing  and  ejector  induced  suction  are  sketched 
in  I  igurcs  and  8.  reproduced  from  Viagncr  *** 


Lift  #nd  Drag  Fore* 

*««.**«,  r.,»  In  I  igure  7<t.  results  are  plotted  for  wind  tunnel  tests  of  a  10-percent- 
thick,  aspect  ratio  4  wing  with  combined  blowing  and  suction  The  polar  plot  of  (  ,  versus 
(  t>  ,ndKJ,c*  ,hc  ljrSc  increase  in  induced  drag  for  the  high  (  ,  values  With  the  30° 
drooped- nose  flap.  (  |jiu>  2  4  at  a  total  Cp  =  0  08b 

Biow,n,  Suction  on  .  Ro„  No,,*  A  novel  application  of  combined  blowing  and  suction 
has  been  proposed  by  Oostcrveld*  in  a  US  patent,  sec  figure  80  The  idea  is  to  use  slot- 
suition  and  slot-blowing  to  alter  the  strength  and  direction  of  circulation  about  the  cylin¬ 
drical  shroud  surrounding  a  propeller  Peripheral  slots  around  the  inner  and  outer  sides  of 
a  Kort  nozzle  allow  water  to  he  selectively  drawn  into  the  inner  slots  and  to  be  ejected 
trom  the  outer  slots,  or  vice  versa,  in  order  to  augment  the  action  of  the  norzlc  as  cither 
an  accelerating  or  a  decelerating  duct  Ihe  flow  arrangement  in  figure  80  is  for  an 
accelerating  duct 

If  water  is  selectively  drawn  in  and  ejected  out  of  certain  arc  sections  of  the  peripheral 
slots,  a  lateral  steering  force  can  be  generated  on  the  nozzle  system  without  turning  the 
nozzle  about  its  vertical  axis  This  could  provide  maneuvering  forces  actuated  by  valves 
rather  than  b>  rudders,  flaps  or  trainable  ducts 
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\  (  ti< irvl\«  i v«.'  (  ombmed  Blowing  Suction 

Compared  with  Blowing  \irfoils 

Nala*»rd  rl  al  k 


SUCTION 


BLOWING 


SUCTION 


BLOWING 


THRUSTING  MOOE 


Combined  Blowing  .inti  Suction.  I  sing  IjcctorPump 
Croomctn  to  Produce  the  Suction 

Walatard  rl  al  * 


I  igurr  75 


SUCTION  I 


I  igurr  "ft  l  imitation  1  ontrol  l*\  l  onihined  Suction  ami  Him 
at  the  1  railing  I  tlgc  of  an  Virloil  in  I  wo  Dimensional  Mow 

hxiiiin  and  trpafr 


blowing  slot 


blowing  duct 


SUCTION  SLOT 


Recirculation  Map  Proposed  l>\  H  B  Helmbold 


IK  urc 


AOOlTlONAL  Lf  AO1  NO  foot  SUCTION  f  OB 
OPERATION  AT  HIGH  ANGLES  OE  ATTACH 


SUCTION  SLOT 


figure  7H  Configuration  for  Trailing  !  dge  Suction.  Inducrd  by 
let.  and  Blowing  over  llighh  Deflected  Midchord  Split  Flap 


No  experimental  data  arc  known  to  exist  lor  the  duct  thrust  augmentation  or  for  the 
lateral  lorce  magnitudes  possible  with  this  concept  It  would  be  possible  to  make  crude 
estimates  using  the  data  of  f  igure  74  However,  the  flow  through  an  entire  duct  with 
blowing  and  suction  will  be  quite  complicated 

DISCUSSION  l  or  the  blowing-with-suction  schemes  on  foils  alone,  most  ol  the  remarks 
made  about  jet  flaps  apply  here  as  well  1  lie  lift  augmentation  is  somewhat  more  efficient 
lor  the  combined  configurations  than  for  the  je*  flap,  however  In  the  case  of  blowing  and 
suction  on  the  Kort  nozzle,  sufficient  data  are  not  available  for  a  conclusion  about  force 
effectiveness 

In  any  case,  am  suction  arrangement  in  seawater  will  have  the  special  problem  of  lying 
fouled  by  marine  life 

■  LOWINOSTAaiLIZIO  TRAPPED  VOATIX  Toil. 

The  boundary  layer  control  features  of  a  trap|>ed  xortex  un  lie  exploited  tor  the  de¬ 
sign  of  a  flapped  foil  section  that  is  capable  of  high  lilt  coefficients  at  moderate  blowing 
rates  f  igure  HI  is  a  sketch  of  a  wind  tunnel  model  of  a  nose-  and  rear-flapped  foil  shape, 
designed  and  tested  at  Advanced  technology  t  enter.  Inc  (AT(')  An  interesting  discussion  of 
this  high  lift  technique  is  presented  by  krall  and  Haight  10 

Typically,  a  cusp-shaped  easily  is  located  where  Bit  is  required  In  the  configuration 
pictured  in  figure  K|  two  of  them  are  needed  at  the  knee  of  cadi  flap  A  recirculating 
vortex  flow  is  maintained  within  a  cavity  by  means  of  a  blowing  jef  at  the  upstream  lip 
I  his  jet  reenergizes  both  the  mainstream  and  the  easily  boundary  layers  The  efficient  en¬ 
trainment  characteristics  of  the  outer  edge  of  the  captured  vortex  permit  the  local  outer 
flow  to  be  slowed  down  quickly  but  without  separation  Hence,  the  vortex  verses  as  a 
means  of  BLC'.  and  it  accomplishes  low  loss  flow  diffusion 

This  technique  provides  a  way  to  achieve  a  stepped -velocity  distribution  over  the  top 
of  the  foil  A  similar  idea  motivated  the  design  of  t.nffith  type  airfoils  which  accomplish 
the  sudden  steps  in  surface  velocity  by  means  of  slot  suction  lhe  high  velocity  over  the 
nose  section  undergoes  a  controlled  reduction  to  a  fairly  uniform  value  over  the  mtdscction. 
which  is  then  stepped  down  again  at  the  rear  vortex  location  After  each  step-down  in 
velocity,  the  boundary  layer  is  restored  to  a  thin,  stable  form  capable  of  resisting  separation 
until  the  next  severe  turn 

As  mentioned  by  krall  and  Haight. Vl  the  vortex  cavity  size  is  scaled  to  the  incoming 
boundary  layer  conditions  and  is  based  on  mixing  distance  considerations  lhe  flow  deceler¬ 
ation  is  limited  to  a  velocity  ratio  of  two  In  other  words,  the  downstream  ramp  velocity 
is  most  efficiently  reduced  to  one-half  the  value  of  the  incoming  mainstream  velocity  at 
the  lip  of  the  vortex  cavity 
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Figure  HI  Wind  Tunnel  Model  of  a  I nipped-Vortex  High  1  ill  Toil  Section 

Krail  and  tlasjrftf  ° 


Details  ol  the  toil  aiul  cavity  design  are  given  in  the  references  cited  hy  Ktall  and  Haight 


TO 


fotem  laiimM 

l  sample  plots  of  two-dimensional  lift  data  for  the  ATI  trapped-vortex  high  lilt  foil  are 
reproduced  in  figure  f (2  for  the  case  of  the  rear  Hap  angle  *15°  It  is  seen  that  high  angles 
of  attack  are  required  to  achieve  the  desired  high  lilt.  l’(  ~  6  1  at  a  *  35°  and  lor  (  ^ 

•  0  244 

I  he  lift  on  a  finite-aspect  ratio  wing  could  be  estimated  using  expressions  given  earlier,  see 
f  quations  (4  I  1 

Some  two-dimensional  drag  data  are  included  lor  the  same  rear  flap  angle  as  in  figure 
82  (&„  ■  15° I,  and  for  the  same  (slowing  momentum  coefficients,  figure  83  shows  polar 
plots  of  the  section  lift  coefficient  C’#  versus  the  sum  Cd  ♦  C^,  where  3  C  +  C  . 

tt|uml>ni  Oaf  Ratio 

The  sum  t'd  *  is  a  force-leased  equivalent-drag  coefTicicnt.  Since  in  a  real  applica¬ 
tion  the  pumped  fluid  must  lx1  continuously  ingested,  another  choice  which  includes  an 
intake  penalty  is 

u„ 


A  better  estimate  of  the  effective  drag,  including  a  penalty  for  slot-blowing  power,  is  given 
by 


'VVl,U-'«  *C«,  ,Vl,U-1.1 

*  'V1!-;v.in  *  V'J-'Vl*1 


(50t 


A  plot  of  section  equivalent  lift  to-drag  ratio  is  given  in  figure  85.  using  data  taken  from 
figure  83  I  his  graph  shows  that  the  trapped-vortex  high-lift  foil  has  a  reasonably  large 
value  of  section  C'j  ('d  .even  after  accounting  for  blowing  requirements  However,  large  angles 
of  attack  (a  >  2Cf )  are  needed  to  achieve  the  high  lift 


lamw 

A  jel  power  coefTident  is  defined  by  Krail  and  Haight111  as 
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where  P(  *  jet-blowing  power 

lU>  *  "I  P  uj, 

S  =  be 
b  =  span 
c  *  chord 

W,th  the  assumption  of  an  incompressible  fluid  and  no  jet-nozzle  losses,  the  curve  in  figure  84 
shows  the  experimental  relationship  between  the  fluid  power  coefficient  and  the  momentum 

coefficient 

Cotnp^ion  with  Som  Syittmi 

A  comparison  is  made  by  Krall  and  Haight70  of  the  performance  of  various  high-lilt 
systems  on  the  basis  of  trimmed  lift  versus  equilibrium  thrust  for  a  tactical  lighter  airplane 
with  a  wing  aspect  ratio  of  4  f  igure  8b  is  a  summary  of  the  comparison  The  crosshatched 
line  denotes  an  aerodynamic  limit  where  thrust  is  equal  to  induced  drag  (  L*  *  -^c  Six  high 
lilt  systems  are  compared,  with  the  pertinent  references  listed  in  the  figure.  It  is  not  clear  in 
this  comparison  how  the  PuUl  power  trquirtd  enters  into  the  picture 

DISCUSSION  The  trapped-vortex  high-lift  concept  appears  to  have  lair  two-dimensional 
aerodynamic  performance  as  indicated  by  the  capability  of  achieving  an  equivalent  lift-to-drag 
ratio  of  more  than  10  at  a  lift  coefficient  of  5  5  llus  is  accomplished  with  a  total  two- 
dimensional.  blowing-momentum  coefficient  ol  *  0  744  However,  a  high  angle  ol 
incidence  ui  ^  .^5°)  i*  required  to  rejeh  this  perfonnanci 

for  application  to  a  control  surface  for  a  marine  vehicle,  the  necessary  cusped  cavities 
would  present  difficult  problems  The  cavity  size  is  scaled  to  the  incoming  boundary  layer 
fiow  conditions,  and  therefore  would  not  be  optimum  over  a  wide  speed  range  without 
adjustment  Arrangement  of  proper  symmetric  foil  and  cavity  shapes  to  produce  both  positive 
and  negative  lift  would  be  complex  mechanically 

MISC1LLANIOUS  *L  OWING  CONCirTS 

Several  interesting  fluid  blowing  concepts  are  mentioned  here,  along  with  sketches 
showing  how  they  operate  It  should  be  emphasized  that  this  list  could  easily  be  expanded 
indefinitely  by  merely  reviewing  U  S.  patents  Without  supporting  experiments  or  analysis, 
however,  many  patent  ideas  are  more  like  curiosities  than  serious  force-producer  concepts 
The  following  arc  intended  as  provocative  examples 

FcapStraantfawFlap 

Hurley1’  has  presented  analysis  and  test  data  for  a  wmglike  lift  producer;  sec  figure  87a 
The  free  st reamlinc  fiow  is  created  by  angle  of  attack  and  by  slot  blowing  as  indicated  Lift 
and  drag  vanations  versus  blowing  coefficient  are  shown  in  Figures  87b  and  87c  with 
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DIVIDING  STHt  AM-UNt 


Figure  87  Frcc-Strcamlinc-Flap  with  Blowing  Control 

Figure  87b  Variation  of  Drag 

HurWy,v 


contours  of  angle  of  attack  At  some  angles  of  attack  aiul  for  sufficiently  hard  blowing 
U  ^  <0  151.  the  slot  flow  apparently  adheres  to  the  angled  surface  and  is  turned  in  the  rear¬ 
ward  direction  to  give  a  thrust  t C't)  <  0). 

Cuindi  TVurt  Auymnloi 

Figure  8K  shows  an  arrangement  of  a  blown  slot  and  body  shape  that  exploits  the 
(  oanda  effect  A  low  pressure  region  exists  around  the  lop  side  near  where  the  high-velocity 
let  is  issued  As  the  flow  is  turned  and  begins  to  slow  down,  the  pressure  on  the  shaped 
bottom  side  is  increased  A  possible  application  of  such  a  blown-slot  thruster  is  shown  in 
Figure  X1) 


Slot  Btowiny  •(  W«n|  Tip* 

The  concept  of  blowing  out  laterally  from  the  wing  tips  is  given  in  a  l'  S  patent  by 
kucheman  el  al  *  .  see  Figure  90.  I  he  idea  is  to  cause  a  siriu.il  enlargement  ol  the  aspect 
ratio  of  the  wing  in  order  to  give  greater  lit t  and  smaller  drag  Supporting  wind  tunnel  data 
given  in  the  patent  indicate  that  the  lift  augmentation  and  drag  reduction  at  (  ^  =  0.138  arv 

ACL/Cp  a  1.0 

AC  i ,/Cp  -  -  0  29 

These  are  not  impressive  augmentations,  when  compared  to  blown  Haps  or  ((  by  tangential 
jet  blowing 

BMbnf  Jot  Flap  Tfcrutt  f 

Saunders7*’  has  prepared  an  idea  in  a  U  S  patent  to  exploit  the  interaction  between  a 
waving  iet  sheet  and  a  solid  wing  or  between  two  waving  jet  sheets  as  shown  in  Figure  91 
So  firm  predictions  are  given  in  the  patent  for  the  predicted  time-averaged  thrust  versus  (  ^ 
and  frequency  for  this  gadget 
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NAME  External  Blowing,  Deflected  Slipstream 

DEFINITION  AND  Of*ERATlON  Deflecting  either  the  exhaust  stream  of  a  thrusting  jet  or  the 
slipstream  of  a  propeller  by  means  of  flat's  and  vanes  on  lifting  surfaces  has  been  explored  for 
MOl  application,  e  g  ('.oodmanson  and  llrat/er7'  and  McCormick  ’  These  types  of  force 
producers  are  all  similar  in  that  a  fluid  jet  is  turned  either  through  some  desired  angle  over 
the  upper  surface  of  '*  e  wing  or  under  the  lower  surface  of  the  wing,  or  the  wing  is  immersed 
in  the  jet  stream  Die  jet  tlow  originates  somewhere  separate  from  the  wing,  hence  the  term 
’'external  blowing  "  In  the  aerodynamic  literature,  externally  blown  Hat'  (I  HI  >  refers  strictly 
to  the  case  of  directing  the  exhaust  of  an  external  jet  along  the  bottom  surface  of  a  slotted- 
llap  arrangement  t’ppcr  surface  blowing  il’SHi  rclers  to  the  case  where  the  jet  exhaust  is 
issued  over  the  suction  side  of  the  wing-flap  arrangement 

In  a  marine  application,  the  slipstream  tlow  could  be  produced  by  small  auxiliary  water 
jets  or  bv  ducted  propellers  located  near  flapped  control  surfaces 

\n  example  of  hit  force  augmentation  and  control  by  external  blowing  on  the  lower 
surface  is  shown  in  figure  ‘<2  for  a  jet  aircraft  application  The  swept  wing  has  an  aspect  ratio 
of  l  14  with  the  propulsion  jets  located  underneath,  operating  at  a  total  jet-momentum 
coefficient  (  ^  II  The  graphs  ate  tor  (  (  versus  (  1(  and  (',  versus  n  for  a  constant  value 
ol  flap  deflection  uS(  4<  i  and  various  deflections  of  the  jet  exhaust  It  is  interesting  to 
note  that  when  the  jet  flow  is  directed  up  against  the  deflected  flap  tOd  <  Ol.  not  only  is  the 
lilt  performance  vers  good,  due  to  the  local  supcrcirculation.  but  the  drag  is  remarkably  low 
too 

I  sternal  blowing  over  the  upper  surface  is  shown  in  figure  9.1  The  use  of  a  deflector 
on  the  exhaust  of  the  jet  helps  smear  out  the  influence  of  the  jet  stream  over  the  knee  of  the 
flap.74 

cor  ronci  rsriMATts 

for  the  case  when  the  wing  flap  arrangement  is  immersed  in  a  slipstream,  c  g  from  a 
propeller.  McCormick'  gives  an  outline  of  how  to  estimate  the  lift  force  l he  main  idea  is 
that  the  jet  stream  is  turned  through  an  angle  and  is  usually  assumed  to  leave  tangent  to  the 
tlap  trailing  edge  so  that  the  overall  flow  resembles  a  jet-flap  The  equivalent  jet-momentum 
coefficient  is 


*  N.T'c^S, 


(521 


where  N,  r  number  of  propellers 

T  =  thrust  of  the  propeller  producing  the  slipstream 
S,  is  the  wing  area  immersed  in  the  stream 
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rum  MING  1ST  IMA  T  f 


In  the  ease  of  external  blowing,  power  is  consumed  by  the  device  producing  the  jet  (low. 
a  propeller  or  jet  pump,  etc  Power  estimates  for  these  devices  are  discussed  elsewhere  in  this 
report  for  example,  ducted  and  unducted  propellers  and  jet  devices  arc  covered  in  Chapter  2. 
Section  B 

DISCUSSION  At  first  glance,  the  external  blowing  concepts  seem  somewhat  tar  fetched  for 
marine  vehicle  application  Since  a  submarine  does  not  require  hydrodynamic  lift  to  keep  it 
aloft,  this  type  of  integrated  thrust-augmented  lift  does  not  seem  necessary  However,  if 
auxiliary  orient  able  propellers  or  jet'  are  ever  seriously  considered  for  xlow-spccd  control,  the 
range  of  Move  turning  of  the  slipstream  could  be  greatly  extended  by  use  of  (laps  and  vanes 
modeled  after  the  devices  described  previously  I  he  need  lor  a  mechanism  to  tilt  a  jet 
nacelle  or  ducted  propeller  could  conceivably  be  eliminated  if  sufficient  slipstream  could  be 
provided  by  llaj>s 
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NAME:  SpanwiM  Blowing  over  a  Lifting  Surface. 

DEFINITION  AND  OPERATION  Spanwisc  blowing  in  a  unique  form  of  lift  augmentation  In 
blowing  It  combines  the  effects  of  both  boundary  layer  and  circulation  control  A  high 
momentum  jet  in  ejected  from  the  hull  over  the  suction  side  of  a  lilting  surface  in  a  direction 
frumirrse  to  the  free  stream  All  the  mass  How,  m,  in  blown  out  through  the  single  round  jet. 
and  the  total  momentum  coefficient  t  ^  in  based  on  planform  area  S  IX-pcndmg  on  it\  chord- 
wise  location,  the  jet  combines  with  the  vortical  How  of  the  separation  region  behind  the 
leading  edge  or  behind  the  flap  knee  A  strong  captured  vortex  in  formed  by  entrainment  of 
some  of  the  free  stream  How  This  spanwisc  vortex  on  the  suction  surface  of  the  wing 
augments  the  circulation  flow,  creates  a  low  pressure  region  in  the  vicinity  of  the  vortex,  and 
causes  a  sirtual  increase  in  the  wing  camber  and  thickness 

Figure  l>4,  reproduced  from  a  lr  S  patent  b\  J  J  (  omish  III.  '  shows  the  operation  of 
this  augmentation  technique  applied  to  an  aircraft  This  concept  has  been  tested  in  wind 
tunnel  experiments,  some  results  were  rcinirted.  lor  example,  by  Dixon, ^  who  found  that  the 
jet-vortex  flow  does  not  remain  concentrated  over  the  entire  span  but  grows  rapidly  in  si/e 
and  is  reduced  in  its  effectiveness  tar  from  the  jet  nozzle  Near  the  jet  exit,  at  the  wing  root, 
the  entrainment  of  free  stream  fluid  sauces  the  jet  to  roll  up  and  form  a  vortex,  which  in 
turn  sreates  large,  sustion  peaks  pictured  in  I  igurr  ‘>5  Outboard  ot  .10  to  40  percent  of  the 
span  of  the  tested  wing  the  vortex  begins  to  smear  out  chordwise.  and  the  suction  pressure 
peaks  are  considerably  reduced  l he  rate  of  increase  of  lift  augmentation  is  greatest  near  the 
root. 

Dixon  *  has  presented  some  preliminary  results  about  the  optimum  blowing  nozzle  size 
and  location  With  circular  nozzles,  and  with  the  aspect  ratio  4  4  lifting  surface,  it  was  found 
that  the  best  nozzle  position  was  approximately  al  the  wmg  quarter-chord,  with  the  nozzle 
centerline  1.5  diameters  above  the  surface  The  smallest  convergent  nozzle  tested  l  ('-percent 
chord,  was  the  best  Hus  seems  to  indicate  that  high  jet  velosity  is  more  effective  Dixon 
also  discusses  the  entrainment  capability  of  a  higher  Y(  l  ^  jet  l  ot  the  flat-plate  wing,  a 
beveled,  sharp  leading  edge  gave  slightly  higher  lift  force  values,  compared  with  a  rounded 
leading  edge  However,  a  sharp  I  I  would  be  less  practical  with  the  blowing  turned  off 

FORCf  l*TIMAT« -ll»T  FINITt  ASRCCT  RATIO 

At  this  time,  their  are  few  comprehensive  test  results  that  permit  firm  general  statements 
about  the  effects  of  foil-section  shape,  thickness,  planform  shape,  sweep,  aspect  ratio,  etc 
There  is  apparently  no  theory  yet  for  describing  the  complicated  rotational  flow  and  the  fluid 
forces  Such  a  theory  would  entail  sery  difficult  problems  in  the  fluid  mechanic's  of 
turbulent  flows 
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Mowing  to  Improve  Lifl 


Some  experimental  results  are  available  lor  the  forces  Figure  96  shows  curves  of  the 
lilt  coefficient  versus  angle  of  attack  for  an  aspect  ratio  4  4  rectangular  planform.  flat-plate 
wing  with  a  slurp  leading  edge  and  thickness  ratio  t/c  of  2.5  percent.  It  is  interesting  to  note 
that  these  lift  curves  are  nonlinear  with  res peel  to  angle  of  attack,  especially  at  the  larger 
angles  of  1 2  <  a  <  24  degrees 

Figure  97  shows  a  comparison  between  a  pure  jel-llap  wing  of  aspect  ratio  2.75  and  a 
laterally  blown  wing  of  aspect  ratio  4  4  The  lilt  efficiency  of  these  two  systems  is  of  the 
same  order  What  is  also  interesting  is  that  the  curve  of  ('t  versus  C'p  for  spanwise  blowing  is 
essentially  a  straight  line  with  a  slope  or  lift  augmentation  of  ACj  /('p  31  2  3  at  an  angle  of 
attack  of  a  =  20  degrees  Of  course,  for  the  pure  jet  flap,  the  lilt  increase  is  Ct  Cp\ 

Spanwise  blowing  is  also  effective  in  controlling  separation  at  the  knee  of  trailing  edge 
(laps  Figure  9g  shows  the  lift  coefficients  obtained  with  the  same  fiat-plate  wing  mentioned 
previously,  but  with  a  25-perccnt-chord  trailing-cdge  flap  deflected  70  degrees,  and  a  7.5- 
percent-chord  leading  edge  flap  deflected  25  degrees  To  control  separation  from  the  two 
tlaps,  there  was  lateral  blowing  acriws  the  knee  location  of  each  The  momentum  coefficient 
(  refers  to  blowing  across  the  M  flap,  and  (  refers  to  blowing  across  the  nose  (lap 

N 

For  a  constant  value  of  C  p  0.17b,  the  initial  lift  augmentation  slope  is  Jd  ,  AC'p^  a  4.2. 

With  this  particular  high-lift  concept,  the  effects  of  aspect  ratio  arc  difficult  to  predict 
accurately  lhis  is  particularly  tme  for  small-aspect-ratio  wings  AR  <  1.  where  we  should  not 
expect  to  see  the  marked  spanwise  diminuation  of  the  influence  of  the  captured  vortex  as  is 
shown  in  I  igure  ‘>5. 

To  estimate  the  (  (  value  for  aspect  ratios  not  too  far  from  4  4.  ttic  data  from  Dixon7*1 
can  be  modified  as  follows 


VAR.  v 


V*> 

Fa(4  41 


.4  4,  Cp) 


•f 


<53! 


where  F.lARj  is  given  in  Filiation  <41 1 

(pT  c  test  value  of  Cp  at  AR  ~  4  4 

-  lift  augmentation  at  AR  ~  4  4 
•at  P 

In  a  more  recent  report.  Dixon  7  has  presented  wind  tunnel  data  for  spanwise  blowing 
on  a  4  bA- percent  scale  model  of  the  F-8F<FNi  French  C  rusader  fighter  aircraft.  The  wing 
had  an  as  (sect  ratio  -  3  39.  NAC’A  65AOOft  profile,  tapered  to  5-percent  thick  at  the  tips  The 
jet  was  ejected  from  a  simple  circular  nor/lc  mounted  in  the  fuselage  Figure  99a  shows  the 
flow  geometry  and  the  characteristic  jet  rollup.  Figure  99b  indicates  the  arrangement  of  wing, 
flap,  and  nor/le  Figure  100  contains  drag  and  lift  data  and  its  variation  with  flap  angle  and 
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blowing  momentum  coefficient.  Here  Cp  =  rii:,  V^/q^S,  where  rii,  =  total  mass  flow  rate,  and 
S  =  total  wing  area. 

A  comparison  between  the  lift  increments,  due  to  blowing,  for  spanwise  blowing  and  tor 
chord  wise  blowing  is  shown  in  Figure  101.  Chord  wise  blowing  refers  to  slot-blowing  at  a  flap 
knee.  It  appears  from  this  plot  that  spanwise  blowing  could  be  a  competitive  system  at  large 
angles  of  attack  (a  5  1 2° >  When  a  =  0,  the  chordwise  blowing  technique  has  the  better 
relative  performance. 

From  the  data  of  f  igure  101.  at  a  =  0°.  the  spanwise  blowing  technique  gives  a  lift 
augmentation  A(  ,  ip  -  10  as  C--»0.  A  trimmed  lift  increment  AC,  =  0.22  is  reached  at 
llap  angle  6,  =  50°  blowing  at  Cp  *  0  28,  corresponding  to  a  jet  speed  ratio  Vj  =  13 

Dixon77  has  presented  a  systematic  examination  of  the  geometric  parameters  of  the  foil, 
llap.  and  nozzle  system  He  also  discusses  methods  of  correlating  and  predicting  the  effect  of 
flap  span,  etc  .  on  the  lift  and  drag. 

J  Ottcnsoser  in  a  private  communication  has  presented  data  tor  the  effect  on  lift.  drag, 
etc  .  of  spanwise  blowing  over  the  wing-flap  knee  of  a  l-2(  aircraft  I  he  wing  had  aspect 
ratio  5.  12-percent  thick  foils,  a  tapered  planform.  with  flap-to-chord  ratio  c,  c  0.34<>  at 

the  root,  and  jet  angle  50°  measured  rearwards  from  the  lateral  direction  As  an  example 
of  the  magnitude  of  lift  augmentation  achieved,  a  result  is  quoted  from  the  Ottcnsoser  work 
At  zero  incidence  and  flap  angle  ft,  =  53°.  the  augmentation  ratio  is  AC,  “  10  for  small 
(  M  l  or  blowing  momentum  Cp  ~  0.035,  a  total  maximum  lift  increment  AC,  0  18  was 
measured  at  a  jet  speed  ratio  3  25 

powering  requirement 

The  estimate  of  the  required  fluid  power  Pf  for  the  other  jet  blowing  devices  here  as  well 


where  blowing  through  a  single  circular  nozzle  of  diameter  d,  means  that  the  total  momentum 
coefficient  is 


1  Ufa) f 
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DISCUSSION  Some  pertinent  features  of  spanwise  blowing  arc  summarized  as  follows 
I  Although  lift  cannot  be  produced  independent  of  incidence  angle  or  flap  deflection, 
the  lift  augmentation  AC,  AC^  is  nearly  a  constant  at  small  values  of  Cp  and  at  some 


MOMENTUM  EFFECT  ON  TRIMMED  UFT  INCREMENTS 
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SYMBOL  CONF  IG’  NATION 
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I  igtirr  |OI  Variation  of  lift  Increments  with  Blowing  Momentum; 
(  nmpimon  Between  Spanwise  Blowing  and  Chord  wive  Blowing 


conditions  of  .ingle*  of  attack  and  or  flap  angle,  see  Figure  ^7  This  means  that  the  lift  force 
is  nearly  independent  of  speed  Uw  being  proportional  to  More  typical,  however,  are  the 

•i('|  vs  C'p  curves  displayed  in  Figure  101  for  spanwise  blowing  at  the  flap  knee.  There,  the 
slope  is  not  constant,  and  the  .IF  would  depend  roughly  linearly  upon  l:M  as  with  a  jet  Hap 
Similar  curves  to  those  in  Figure  101  were  obtained  by  Ottcnsoser 

-  From  Figure  101,  it  is  seen  that  spanwise  blowing  lift-augmentation  compares 
favorably  with  chordwisc  blowing  for  a  large  angle  of  attack  a  =  12  degrees  It  is  poorer  at 
a  0  This  property  may  be  exploited  in  a  marine  application  by  using  spanwise  blowing  on 
rudders  deflected  at  large  angles,  c.g  ,  bevond  25  degrees 

3.  Pie  simplicity  of  this  technique  of  flow  control  is  appealing  Ducting  for  jet  water 
need  only  be  provided  within  the  hull.  Also,  both  positive  and  negative  lilt  could  be  achieved 
by  having  jet  nozzles  arranged  symmetrically  along  each  face  of  a  foil-flap  arrangement. 

Problem  arras  include  ptvssible  noise  from  the  jet  and  limitations  in  performance  due  to 
cavitation 
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NAME  Airfooding  to  Alter  Lift. 

DEFINITION  AND  OPERATION  When  .1  stream  of  air  is  injected  into  the  water  flow  over  the 
suction  side  or  pressure  side  of  a  lifting  foil,  the  hydrodynamic  lift  and  drag  can  he  markedly 
altered  In  the  case  ol  jir  bleeding  into  the  suction  side,  the  lift  is  reduced,  when  air  is  fed 
into  the  pressure  side,  hi!  is  increased  Usually  the  air  is  blown  out  through  a  line  of  closely 
spaced  holes  strung  spanwise  across  a  plantorm.  or  through  a  single  hole 

This  technique  of  airfeeding  has  been  considered  for  lift  control  for  hydrofoil  boats, 
e  g  .  von  Schertel  *  and.  for  maneuvering  control  forces  on  tor|>cdoes.  Smith  N 

l  or  a  range  ot  the  airflow  coefficient  ('  between  zero  and  some  critical  value  t  ,,  .  the 

hydrodynamic  force  variations  AC,  A(  ()  and  At  „  At  y  are  fairly  steep  and  are  often  nearly 
linear,  or  at  least  inonontonu  As  usual,  the  flow-rate  coefficient  is  defined  as  “  Q/U^S. 
where  (.>  jir/7<»w  quantity 

Die  cntKal  air  quantity  coefficient  <  y  is  defined  as  the  ventilation  quantity  at  which 
the  flow  becomes  lulls  vented  At  this  airflow  rate,  the  injected  air  coalesces  into  a  easily, 
which  then  extends  downstream  from  the  injection  holes  and  beyond  the  II  of  the  foil  In 
the  fulls  suited  regime,  the  Iokc  coefficients  change  far  less  rapidly  with  increasing  Cy.  and 
supercavitatmg  foil  theory  can  be  used  to  model  the  flow  situation 

I  or  control  ol  the  hit  force,  the  most  interesting  range  is  0  <  ('^  <  .  and  all  of  the 

useful  information  about  this  regime  is  obtained  experimentally 

rORCI  tSTIMATIS 

l ang  and  D.isbcll'*  have  presented  results  from  water  tunnel  tests  on  foils  with  air 
vented  into  the  suction  side  only  I  wo  of  their  three  foil  sections  are  shown  in  figure  102 
In  the  experiments,  air  was  exhausted  through  55  holes,  diameter  0  012  inch  The  foil 
chord  length  was  c  4  inches  and  span  b  2  g  inches  In  figure  IQJ.  curves  of  C,  versus 
(  i(  for  foil  V  show  the  typical  rapid  reduction  of  lift  with  increased  air  bleeding  until  Cq  ^ 
is  reached  Once  the  fully  vented  condition  is  achieved,  the  decline  ot  (  ,  with  ('  tapers  off 
significantly  I  or  foil  It.  plots  of  (  ,  versus  angle  of  att3ck  o  in  I  igurc  104  indicate  how  file 
l«»ss  of  lift  At  ,  changes  with  dilfcrcnt  a  at  a  constant  airflow  talc 

A  measutv  of  the  lift-reduction  effectiveness  of  air  feeding  is  given  by  the  ventilation 
cfficiencv.  based  on  ( 

vct 


At 

<7. 


C  ,  (o.  Ol  -  (  .  <0.  (  ) 


( 


0. 


(5m 


f  igurr  105  shows  curves  of  this  ratio  versus  angle  of  attack  for  foils  A  and  R  for  example. 

foil  H  at  o  O'  and  airhole  lot  at  ion  at  -0  T  has  a  lift  reduction  effectiveness  At  ,  ('  ^2 
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I  igurr  l(M  l'(  »crvu\  a  fur  Hydrofoil  I)  with  a  c  ■  0.30 

lM|  and  !*•>  t>»H  >*n 


Ventilation  Ifficieno  nnm  \nglc  of  Attack 
for  Hydrofoih  A  and  H 
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Test  Jji j  for  air-fed  foils  of  finitc-aspect-ratio  wings  are  not  readily  available,  but  is 
expected  that  the  usual  fimte-aspect-ratio  corrections  can  be  applied  to  the  section  lift 
characteristics  described  herein. 

For  the  sections  tested  by  ljng  and  Daybell.*'  the  drag  increases  as  the  air-venting  rate 
(’  is  increased  toward  Cn  The  maximum  drag  increase  usually  occurs  before  C..  is 
reached.  Near  and  beyond  the  critical  air  nuantity.  the  drag  increases  become  smaller  As  an 
example,  the  drag-increase  effectiveness  for  foil  B  at  a  *  0  is  ^C.  1C. ,  ~  1  for  air  venting  at 

l/  vCf 

a/c  -  0.30. 

VENTILATED  NINO  WING 

Air  venting  has  been  proposed  as  a  method  for  steering  a  torpedo,  or  for  producing 
control  forces  on  a  ring  hydrofoil  wing.  These  concepts  are  shown  in  Figure  106,  reproduced 
from  the  U.S  patent  h>  k  I  Smith  Some  experimental  data  for  the  lift,  drag,  and 
moment  on  a  selectively  ventilated,  nng-wing  hydrofoil  arc  presented  by  Acosta  and  Wade  Sl 
Figures  107  and  108  reproduced  from  Reference  81.  show  the  test  setup  and  typical  increase 
in  lift  that  can  be  achieved  by  exhausting  air  from  a  hole  at  '.he  bottom  of  the  nng  Acosta, 
ct  al  give  test  results  on  a  slightly  different  configuration  of  ventilated  ring  wing 

POWERING  ACQUIREMENT 

For  air  bleeding,  the  fluid  power  P  required  to  supply  an  air  quantity  coefficient  CQ 
is  estimated  by 

P  -  p  gtAIDQ  (57) 

r»p 

where  pt  gAH  *,  pj  V*  Here  pt  ■  density  of  air.  and  V(  is  the  average  air-exhaust  velocity 
througli  the  venting  holes  In  terms  of  the  coefficient  Cy 

(58) 

MOO 

where  q(  *  1;  P,  V*.  and  q^  3  ^  pL'jn  with  p  *  density  of  the  water,  and  U,*,  =  free  stream 
velocity.  The  exhausc  velocity  can  be  determined  from 

S 

V  *  l)  C  —  (5*)) 

y)  1 »  O  A) 

where  At  *  (total  area  of  \  venting  holes,  each  d(  in  diameter)  B  Nh  *dj* /4,  and 
S  3  planform  area 
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DISCUSSION  Some  pertinent  features  of  the  airfeeding  technique  are 

1.  Lift-force  reduction  can  be  produced  without  changes  in  foil  incidence. 

2.  The  time  rate  of  change  of  hydrodynamic  forces  upon  introduction  of  air  is  very  rapid 

3.  As  the  tree-stream  velocity  is  reduced,  hft-force-changes  on  airfed  toils  fall  off  propor¬ 
tional  to  Ql'oo 

An  airfeeding  system  might  well  find  application  as  an  emergency  measure  to  kill  or 
reverse  undesired  lift  on  a  jammed  control  surface.  However,  continuous  operation  of  such  a 
system  would  require  a  large  supply  of  air.  ()n  a  submarine  this  would  be  impractical  and. 
moreover,  would  constitute  a  problem  of  concealment  Hence,  for  submarine  application, 
airfed  controls  might  conceivably  be  useful  only  intermittently. 


10A 

A  46  v  48 


figure  106  Airfreding  into  the  Waterflow  Past  a  Hods 
or  Ring  Wing  for  Control  Purposes 

Simla  ** 
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FORCE  COEFFICIENTS 


ANGLE  OF  ATTACK  O 


Figure  I  Oh  Force  Coefficients  versus  Angle  of  Attack  with  Various  /Airflow  Coefficients 
for  Ring  >Sing  of  Figure  107  with  Ventilation  Hole  Configuration  5 

Her*  €'  «  f>  VI  ^  Tile.  C,  *  I  vl  .  '  Q:-  d4l  .  »hrr»  d  *  dumrlii  o <  n  n  J  iiiy,  c  *  chord. 
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NAME:  Blowing  to  Kill  Lift.  Jet  Spoiler. 


DEFINITION  AND  OPERATION:  A  jet  sheet  can  he  used  to  spoil  lift  as  well  as  augment  it  as 
in  the  case  of  the  jet  flap.  By  blowing  fluid  out  though  angled  slots  on  the  suction  side  of  a 
lilting  surface,  the  lift  coefficient  can  he  significantly  reduced  At  the  same  time,  the  drag 
force  is  increased,  particularly  when  the  jet  velocity  is  directed  hack  against  the  free  stream. 

LIFT  FORCE  ESTIMATE 

Very  little  data  about  or  analysis  of  this  concept  are  available  in  the  literature.  However, 
sufficient  information  has  been  generated  to  use  for  an  aircraft  design,  e  g..  Sweeney.85  Also, 
some  work  on  jet  spoilers  in  supersonic  flow  is  presented  by  Poisson -Quinton  and  Lepage. 50 

Figure  I0‘).  reproduced  from  Wagner ,b*  shows  results  for  the  effect  of  an  angled  jet 
spoiler  on  the  21)  lift  coefficient  of  an  aerofoil  versus  angle  of  attack,  for  different  values  of 
flow-quantity  coefficient  (  (l  *  Q  U^S.  The  jet  sheet  issues  out  at  an  angle  of  40°  back  into 
the  free  stream.  For  this  particular  geometry,  the  21)  lift-reduction  effectiveness  is 


-45 


(60 1 


Note  <>  blowing  out  the  bottom,  the  scheme  in  Figure  10*)  is  a  jet  flap  with  a  jet  angle 
6^  =  I  50  degrees. 

POWIRING  ESTIMAYE 

As  in  the  discussion  of  blown  flaps,  the  fluid  power  expended  will  be  the  sum  of  the 
ram  drag  power  plus  the  power  supplied  to  the  jet  velocity  head.  Here,  in  terms  of  the  total 
flow  quantity  coefficient  C  the  fluid  power  is  expressed  as 


tUS) 


or  if  the  average  slot  height  h(  is  known,  then  <V(  I’^i  =  Cy  (Fi(  cf.  and 

c5  r  2(hJc)> i 
Pf  «  -7-2-  I  ♦  —L—  '(.loot' ooS) 
(h./c)1  L  C,\  J 


<6 1 1 
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DISCUSSION:  Jcl  spoilers  could  be  considered  lor  application  as  an  emergency  device  to 
counteract  me  litt  on  a  jammed  control  surface,  e.g..  on  a  Happed  toil  at  some  angle  ol  attack, 
or  perhaps  to  reduce  the  lift  developed  by  the  sail  dunng  a  turn.  However,  considerably  more 
data  would  be  needed  than  is  available  concerning  how  much  blowing  would  be  required  at 
what  angle  and  at  what  location  along  the  chord. 


JET  SPOILER 


A. 

40“  • 


angle  Of  ATTACK  a 


Figure  109  F  sample  of  Sensitise  HI  C  Control 

Thn  iMlrm  of  Mowing  on  the  upper  or  the  lower  ude  of  the 
Ktiifnil  w •«  luQeitKl  h%  \  HI  1/  * Ihs]  lunnei  ie«r«  »m  f«e» 
formed  in  4*>ttingen  before  the  end  of  Hortd  *•»  II  The 
Dtfem  operates  on  »m  %mall  pumping  power,  htgaef.^ 
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NAME:  Suction  Through  Slots. 

DEFINITION  Slot  suction  can  he  used  for  boundary  layer  control  and/or  circulation 
control  on  lilting  surfaces.  The  purpose  ol  suction  BLt'  is  to  remove  a  sufficient  amount  of 
boundary  layer  thud  in  order  to  prevent  separation  at  critical  points  along  a  foil  surface  or  on 
a  foil-flap  configuration,  l  or  circulation  control  by  suction,  the  action  of  a  strong  sinklike 
flow  concentrated  at  certain  locations  has  the  effect  of  producing  asymmetry  or  exaggerating 
existing  asymmetry  in  the  overall  flow,  thereby  augmenting  the  circulation  and  the  lift. 

OPERATION  AND  FORCE  ESTIMATES  hour  general  concepts  will  be  discussed. 

1.  Slot  Suction  with  Mechanical  Raps 

2.  Leading- Idge  Suction  Slot 
I  railing- I  dge  Suction  Slot 

4.  Slot -Suction  Aerofoils  with  low  Drag 

SLOT  SUCTION  WITH  MECHANICAL  FLAPS 

Slot  suction  on  the  upper  surface  of  a  foil  at  the  knee  of  the  foil-flap  arrangement 
apivars  to  have  a  dual  function.  I  irst,  it  has  a  boundary  layer  control  effect  because  it  helps 
guide  the  flow  over  the  knee.  It  also  has  a  circulation  control  influence  because  it  distorts 
the  flow  and  generates  circulation  augmentation  even  over  an  unflapped  flat  plate  at  some 
angle  of  attack,  see  Kingleb.M 

Fo»c*  IttinwtM 

fhc  problem  of  a  concentrated  sink  at  the  bend  of  a  two-dimensional,  flapped,  flat  plate 
has  been  studied  theoretically,  for  example,  by  Ringleb.*4  The  strength  of  the  2D  sink,  or 
slot-siKtion  How  per  unit  width,  is  measured  bv  the  flow-rate  coefficient  C„  =  Q/U_c. 
where  Q  is  the  suction-flow  rate  quantity  per  unit  span,  and  c  *  chord  Figures  1 10  and  1 1 1 
show  the  lift  augmentation  due  to  suction  A(  (  C  as  a  function  of  flap  angle  6f  and  chord 
ratio  CfC,  respectively  The  angle  of  attack  on  the  Hat  plate  foil  in  these  curves  is  o  =  0. 

The  total  drag  of  an  actual  two-dimensional  flapped  foil  with  suction  would  depend  on 
the  profile  drag  I>r  as  well  as  the  momentum  drag  of  the  fluid  removed  by  suction  Dj,  plus 
the  equivalent  drag  components  caused  by  losses  in  the  suction  system,  see  Pankhurst  and 
Th waites. The  momentum  drag  is 

I),  (63) 

SO  that  tD  ”  D/^pU^c  *  2('0  (64) 

S  A  v 
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Pic  remaining  drag  components  depend,  of  course,  on  the  details  of  the  foil-section  shape 
and  internal  ducting. 

As  an  example  ot  what  the  lorce  coefficients  look  like  for  a  slot-suction  augmented-flap. 
some  experimental  results  obtained  by  Arnold**'  are  reproduced  here.  Figure  1 1 2  shows  a 
NAC  A  664  A42 1  profile  shape  with  a  Ib.H-perccnt-flap  chord  and  a  suction  slot  just  down¬ 
stream  of  the  flap  knee,  In  wind  tunnel  tests,  the  foil  spanned  the  width  of  the  tunnel,  and 
from  the  data  it  was  determined  that  the  effective  aspect  ratio  was  7.5.  All  the  data  were 
acquired  at  a  Reynolds  number  U^c/ir  =  3.3  x  lO*.  With  the  total  flow-rate  coefficient 
defined  as  C  y  =  (,)  U,*,  S,  the  minimum  value  necessary  to  maintain  attached  flow  over  the 
flap  is  denoted  C~  ^  and  is  shown  in  Figure  1 1  3  as  a  function  of  (lap  angle  ^  and  angle  ot 
attack  a.  Figure  I  14  gives  measured  lift  and  drag  coefficients  versus  the  suction  flow-rate 
coefficient  Cy.  The  lift  curse  shows  a  nonlinear  increase  with  (  ^ ,  which  levels  off  abruptly 
when  (  x  is  reached. 

yaH 

To  obtain  an  accurate  estimate  of  power  requirements  for  a  fluid  suction  system,  the 
particular  details  ot  the  slot  and  ducting  should  be  known.  The  fluid  power  necessary  is 
expressed  as 


P(  =  pgtHoo  -  Md  IQ  <651 

where  l  ^  2g  ♦  r»  P g  and  Hd  -  2g  ♦  pd  pg  arc  the  total  heads  in  the  tree  stream 

and  in  the  duct,  respectively.  The  change  of  head  could  be  written  in  two  parts 

AH  *  (!!„  -  M,,,  )  ♦  <UBL  -  Hd  i  (661 

where  the  first  part  refers  to  the  boundary  layer  loss  up  to  the  slot  entry,  and  the  second 
term  depends  on  the  details  of  the  slot  and  internal  ducting  In  general  these  arc  difficult  to 
estimate  crudely  as  is  done  with  blowing  systems.  For  example,  the  analysis  by  Preston 
ct  al."  shows  that  the  head-loss  term  <  -  H„,  1  depends  on  the  velocity  profiles  within  the 

boundary  layer,  and  is  thus  a  complicated  function  of  the  foil  shape  Unless  there  are  specific 
head-loss  data  available  for  a  class  of  geometric  arrangements,  a  good  estimate  of  fluid  power 
cannot  be  made. 

Wagner*"*  presents  a  discussion  of  various  types  of  slot -suction,  high-lift  foils  as  well  as  an 
extensive  outline  about  how  to  calculate  BLC  pumping  power,  using  hydraulic-loss  coefficients 

DISCUSSION  As  a  possible  technique  for  lift  augmentation  on  submarine  control  surfaces, 
slot  suction  at  the  flap  knee  is  a  poor  contender  As  will  be  seen  in  later  sections,  the  purely 
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Foil-Flap  Arrangement  for  Slot  Suction 
Lilt  Augmentation  Scheme 

\rm4d 


f  igure  I  1 


igure  I  1 .1  Minimum  Slot  Suction  flow -Rate  Coefficient 
Kctpurrd  to  Prevent  Separation  on  the  Flap  av  a  Function 
of  Flap  Angle  6,  and  Angle  of  Attack 

Data  fm  (Sr  f.ol  nap  jmiwln  i>(  I  ifutr  1 1  2.  Arnold  ** 
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hydrodynamic  performance  of  this  concept  as  measured  by  effective  lift-to-drag  ratio  is  very 
low.  even  compared  with  other  suction  arrangements,  sec  Figure  I. 

Another  disadvantage,  common  to  all  suction  flow-control  schemes,  is  the  likelihood  that 
the  suction  slots  will  be  easily  clogged  with  marine  growth.  Tire  small  si/e  of  the  slots  and 
the  importance  of  accurate  slot  geometry  to  the  operation  of  the  device  make  it  imperative 
that  the  suction  passageways  remain  clear.  Suction  techniques  compare  unfavorably  with  blowing 
in  this  regard  because  seawater  would  need  to  be  taken  in  directly.  It  has  been  suggested  that 
periodic  purging  of  a  suction  system  by  reversing  the  flow  direction  could  relieve  the  problem. 
However,  this  would  work  against  the  BLt  (low-control  properties  of  such  a  system  and 
would  be  less  effective  than  a  continuous  bleeding  flow  that  could  be  used  with  a  slot-blowing 
scheme. 

Finally,  slot  suction  at  a  (lap  knee  does  not  appear  to  have  a  strong  supercirculation  mode 
of  operation  as  does  slot  blowing.  Typically,  the  lift  curve  rises  with  increasing  Cy;  then  it 
levels  off  at  ('  and  displays  much  less  improvement  thereafter  This  means  that  if  a  sub- 
stantial  amount  of  pumping  power  is  available,  e  g  .  at  slow  forward  speed,  continuously 
improving  lift  could  not  he  obtained  as  effectively  as  it  could  with  the  jet-llap  effect 
experienced  by  blown  flaps  for  blowing  beyond  ( 

'‘at  l 

HADING  EDGE  SUCTION  SLOT 

Slot  suction  at  or  near  the  leading  edge  of  a  lifting  foil  has  two  major  effects  first,  the 
abruptness  of  the  pressure  gradients  arc  reduced  both  up-  and  down-stream  of  the  slot,  and 
this  helps  prevent  separation,  second,  the  removal  or  thinning  of  the  boundary  layer  tlow  also 
acts  to  reduce  the  lift-destroying  tendency  of  separation 

LA  Fore*  Emmatt 

Slot  suction  near  the  leading  edge  of  a  conventional  foil  has  a  beneficial  effect  on  lift 
For  example.  Thwaitcs**  has  presented  a  graph  obtained  by  Walz  showing  the  suction-flow 
rates  required  to  achieve  given  lift  increments  for  a  N'AC  A  0012  foil  as  a  function  of  slot 
location.  For  this  foil  shape,  a  large  lift  augmcn'ation  can  be  realized  with  the  least  amount 
of  suction  flow  when  the  slot  is  placed  at  approximately  0.12  chord,  At  this  optimum 
location,  the  lift-augmentation  ratio  is 


a  100 


(67) 


Pus  optimum  depends,  however,  upon  the  type  of  flow  at  stall,  and  would  vary  with  section 
shape,  thickness-to-chord  ratio,  leading-edge  radius,  and  to  some  extent  on  the  width  of  the 
slot. 


Thin  foil  shapes  designed  especially  for  nose-slot  suction  have  been  obtained  by  l.ighthill, 
Glauert.  and  Williams  using  methods  developed  by  Goldstein*'*  and  others.  Three  shapes  are 
shown  in  figure  1  IS.  and  the  comparisons  of  maximum  lift  coefficients  versus  Cy  are  displayed 
on  figure  I  Ih.  figure  1 17  shows  the  maximum  lift  coefficient  versus  fl  sw-rate  coefficient 
C'y  or  suction-momentum  coefficient  C  for  the  Williams  foil  design  NPL  434.90  Data  from 
three  different  slot  widths  have  been  included. 

TRAIHNO  EDGE  SLOT  SUCTION 

Slot  suction  at  or  near  the  trailing  edge  of  a  foil  can  be  used  to  control  the  circulatory 
lift  because  the  sink-flow  into  the  slot  causes  an  asymmetrical  distortion  of  the  overall  flow 
about  the  foil  shape.  This  is  shown  in  f  igure  1 18. 


Fwtt  Eiimm 

figure  119,  from  Pouaon-Qutnton  and  Lepage.20  contains  plots  of  the  increments  in 
section  lift  and  drag  coefficients  due  to  slot  suction.  Note  that  the  A(  „  is  nearly  identical  to 
the  coefficient  of  the  momentum  drag  of  the  fluid  removed  by  suction.  Equation  ((>41. 

An  extensive  theoretical  and  experimental  treatment  of  circulation  control  by  slot  suction 
at  the  trailing  edge  is  presented  by  Ha/en  el  al.91  As  an  example  of  experimental  lilt- 
augmentation  data  obtained  in  Reference  9|_  some  results  arc  reproduced  here  for  the 
particular  Tf  slot-suction  foil  shown  in  figure  120a.  The  section  lift  coefficient  versus  angle 
of  attack  is  given  in  f  igure  120b  with  contours  of  C(J .  Lift  effectiveness  here  is 
4(  i  /('y  ai  20.  using  the  values  at  a  *  10°. 

Section  drag  data  for  the  same  foil  pictured  in  figure  I  20a  are  shown  in  figure  121, 
where  (  d^  =  wake  drag  or  profile  drag,  the  sum  ((  d  ♦  2C'y)  is  a  modified  drag  coefficient, 
corrected  for  the  momentum  drag  of  the  fluid  removed  by  suction. 


E  fit  mat* 


fluid  power  required  by  the  slot-suction  system  is  given  by  Equation  (651.  The  formula 
requires  data  for  both  the  duct  static  pressure  pd  and  the  average  velocity  head  ^  pUj  within 
the  duct.  An  approximate  form  of  this  expression,  which  neglects  the  part  pUd  .  is  quoted 
in  Ha/en  et  al.91  in  terms  of  an  equivalent  fluid  power 


Pf  “  CQ(Cp  ~  IHq-U^S) 

where  C  =  (p,*  -  Pd  •  q*  i*  a  pressure  coefficient  based  on  the  duct  pressure  pd  within  the 
foil  and  the  ambient  pressure  pw.  In  general  C  must  be  determined  experimentally, 
f  igure  122  gives  data  for  C  for  the  same  foil  configuration,  trailing  edge  version  1-b.  shown 
in  figure  I  20. 
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Figure  I  20h  Lift  Characteristic* 
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DISCUSSION:  From  a  hydrodynamic  performance  point  of  view,  the  technique  of  lift 
augmentation  by  trading-edge  suction  is  a  moderately  good  scheme,  as  judged  on  the  basis  of 
equivalent  lift-to-drag  ratio  using  data  for  the  cambered,  1 5-pcrcent-thick  foil  of  Figure  120. 
Hie  lift-augmentation  ratio  at  a  -  5°,  calculated  from  the  data  of  Figure  120,  i^  M'j/AC  0  = 

SO  as  Cy  -*0.  With  an  equivalent  inflow  jet  speed  to  compute  C^,  the  augmentation  ratio  is 
M\/S (p  «=  ISO  as  C  -*  0. 

The  main  disadvantage  of  all  suction  techniques  mentioned  earlier  is  the  probable  fouling 
by  marine  growth.  This  is  shared  by  the  present  scheme  as  well  However,  in  this  case,  should 
the  flow  be  intermittently  reversed,  the  slot  is  oriented  in  such  a  wj>  that  a  jet  flow  out  of 
the  same  slot  would  have  beneficial  effects  on  the  profile  drag  of  the  foil 

Moreover,  it  both  the  upper  and  lower  I  F  slot  lips  of  the  foil  in  Figure  1 20a  were 
replaced  by  small  symmetric  deflectable  Haps,  the  resulting  modified  device  would  be  a 
symmetric  high-hfl  foil  with  augmentation  by  either  trailmg-edge  suction  or  jet-augmented 
flap  The  former  would  be  used  for  efficient  high-hit  performance,  the  latter,  for  occasional 
actuation  while  purging  the  ducting  system.  Figure  123  shows  the  modified  TF  slot-suction 
foil  concept. 

SLOT  SUCTION  AIRFOILS  WITH  LOW  DRAG 

Another  type  ol  toil  section  can  be  designed  to  incorporate  slot  suction  The  idea  is  to 
create  a  section  shape  that  has  increasing  surface  velocity  all  along  the  chord,  except  at  the 
slot  location! s»  where  the  velocity  abruptly  drops,  then  increases  again  aft  of  the  slot.  In  this 
way.  separation  is  inhibited,  and  the  stepwise  favorable  pressure  gradient  helps  preserve  laminar 
flow  Fven  though  the  resulting  foil  shapes  are  thick,  they  feature  low  drag  over  the  design 
range  of  Cj . 

Fovea  I  tfimafot 

Figure  1  24a  shows  two  such  30-pcrccnt-thick  foils.  The  symmetric  two-slot  Gnflith-foil 
has  a  low-drag  (  (  -range  of  -O.b  to  ♦<).('.  Hie  cambered  GLAS  II  shape  has  a  design  range  of 
0  <  f'L  <  2.0.  Further  details  on  these  shapes  are  given,  for  example,  by  Preston  ct  al  8'  and 
by  Giauert  et  al.,J 

For  these  suction  foils,  an  equivalent  drag  coefficient  can  be  formed  composed  of  profile 

drag  plus  an  effective  pump  drag  that  depends  on  the  head  loss  to  be  overcome  by  the  suction 

pump.  Details  on  the  equivalent  drag  C„  can  be  found  in  Preston  ct  al  *7  Figure  124b 

shows  a  comparison  between  the  drag  coefficients  of  the  Griffith  foil  and  those  of  an  ordinary 

foil  section.  Figure  124c  is  a  plot  of  the  computed  equivalent  drag  for  the  GLAS  II 

•'e 

section  pictured  in  Figure  I  24a 
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DISCUSSION  All  of  the  known  data  for  the  low-drag  suction  foils  have  been  taken  in  a 
wind  tunnel  under  more  or  less  ideal  conditions.  A  foil  designed  specifically  tor  laminar  flow 
to  achieve  low  drag  might  not  function  properly  in  an  ocean  environment  because  of  high 
ambient  turbulence9'  and  roughness  effects  aggravated  by  marine  fouling.  Aside  from  fouling 
on  the  foil  surfaces,  the  problem  of  slot  fouling  would  be  severe.  II  a  purging  flow  were  to 
be  used  to  clear  the  suction  duct  and  slots,  the  fluid  mechanical  effect  of  blowing  out  the 
suction  slots  for  these  thick  foils  should  be  known  At  this  time,  there  are  no  data  available 
to  determine  this  effect  on  these  foil  shapes 
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NAME  Area  Suction 

DEFINITION  Distributed  suction  through  a  porous  area  can  be  used  for  boundary  la>er 
control  and  circulation  control  on  lifting  surfaces.  Hie  concepts  are  similar  to  the  slot  suction 
devices  discussed  earlier. 

OPERATION  AND  FORCE  ESTIMATES  Two  types  of  lilt-producing  concepts  are  included  here 

I  Area  Suction  on  Conventional  Foils,  and  2  l  ift  Independent  of  Incidence.  Fhwaites 

Flap. 

AREA  SUCTION  ON  CONVENTIONAL  TOILS 

Area  suction  at  the  nose  of  a  conventional  foil  shape  has  the  same  effect  that  slot  suction 
does,  except  that  the  too-steep  pressure  gradients  can  be  suppressed  perhaps  more  smoothly. 

In  this  way  an  entire  separation  region  at  the  nose  of  a  thin  airloil  at  high  incidence  can  be 
dealt  with. 

Area  suction  at  the  knee  of  a  foil-flap  arrangement  also  has  basically  the  same  effect 
that  slot  suction  does  at  the  same  location,  see  previous  discussion 

Lift  Fore*  Eitimatas 

figure  12'  from  Fhwaites**  shows  the  lift  augmentation  on  a  NA(  A  h.^AOO^  foil  with 
a  porous  patch  at  the  nose  extending  from  OXs^  <  0  0275  The  inward  suction  velocity  is 
denoted  b>  w^  Although  the  increase  of  (  ,  is  not  a  linear  function  of  C'y.  the  hft- 
augmrntution  ratio  at  a  *  lb'  and  for  (  ^  *  0  002  is  of  the  order  ^  m  250 

Thomas''  has  presented  curves  of  incremental  lift  coefficient  varying  with  flow  quantity 
coefficient  C()  and  Reynolds  number  Rf  for  H-pcrccnt-thuk  foils  at  a  15‘  angle  of  attack,  see 
figure  I  2b. 

Area  suction  at  a  flap  knee  has  been  explored,  for  example,  in  the  airplane  mode!  experi¬ 
ments  of  Wciberg  et  at  ^  Figure  127  is  a  sketch  of  the  aspect  ratio  10  wing  system,  with  a 
detail  of  the  flap  arrangement  In  figure  128.  some  curves  arc  plotted  for  the  overall  lift 
coefficient  versus  the  flap  suction  coefficient.  CQ  In  this  figure,  the  total  thrust  coefficient 
l  ’  »  thrust  ,  pi  ^  S  may  contribute  slightly  to  the  increase  of  the  overall  lift  coefficient  Cj 
However,  the  lift  augmentation  trend  with  the  flap  suction  ('^  properly  reflects  the  aerody¬ 
namic  effect. 

Details  of  the  duct  pressure  losses  necessary  for  power  calculations  arc  also  presented  by 
Wetbcrg  et  al.** 

QtihI  Trvn* 

In  general,  area  suction  devices,  either  at  the  nose  or  on  the  flaps,  are  capable  of  pro¬ 
ducing  respectable  lift  increments  by  increasing  CQ  to  a  certain  limit  Usually  this  limit  is 
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Figure  I  25  -  fcxpcrimental  Lift  Curve*  for 
a  NACA  63A009  Airfoil  with  Porous  Novc 

T*»  •llrt*1' 


reached  when  the  offending  flow  separation  is  overcome,  l  or  suction  beyond  this  limit,  there 
is  a  much  slower  gain  in  C( .  This  contrasts  with  blowing,  where  supercirculation  by  the  jet- 
flap  effect  continues  to  give  lift  augmentation  for  most  arrangements. 


LIFT  INDEPENDENT  OF  INCIDENCE.  THWAITES  FLAP 

Consider  a  class  of  section  shapes  that  have  rounded  trailing  edges  and  which  have  no 
kinks  or  cusps.  Mow  separation  can  be  prevented,  and  the  boundary  layer  can  be  kept  thin 
over  the  body  by  means  of  continuous  surface  suction.  If  the  wake  of  the  body  can  be  kept 
small  enough,  the  overall  flow  approximates  a  potential  flow.  Since  there  is  no  sharp  trailing 
edge  to  fix  the  location  of  the  kutta  condition,  there  is  no  physical  constraint  on  the  magni¬ 
tude  of  the  circulatory  flow.  A  small  flap,  fixed  normal  to  the  surface,  is  sufficient  to  cause 
the  flow  to  adjust  to  the  plate  presence  by  setting  up  a  circulation  of  the  proper  magnitude. 

The  strength  of  the  circulation  will  depend  entirely  on  the  position  of  the  flap. 

F  igure  I  2^  from  lliwaites1*'  slums  how  the  proper  circulation  is  set  up  for  a  Thwaites 
flapped  circular  cylinder,  starting  from  rest.  The  cylinder  would  require  area  suction  at  least 
over  the  entire  rear  /tortion  of  the  circle  where  adverse  velocity  gradients  occur. 

Fort*  Eitimatti 

For  flow  moving  horizontally  onto  a  cylinder,  and  with  the  small  flap  placed  at  an  angle 
a  measured  from  the  horizontal,  the  theoretical  section-lift  coefficient  is 

C'f  =  4>r  sin  a  (69) 

where  (  ^  =  L/^  pU^,(2a).  and  o  =  cylinder  radius.  The  theoretical  maximum  lift  for  the 
stagnation  point  remaining  on  the  body  (al  a  =  ^0° )  is  therefore  -  4». 

Fxpcrtments  with  a  totally  porous  circular  cylinder  are  described,  for  example  by 
Pankhurst  and  Fliwaitcs  K'  figure  140  shows  the  measured  lift  and  form  drag  referred  to  the 
apparent  wind  direction.  Pie  flow-rale  coefficients  required  to  achieve  this  performance  are 
also  given  in  the  figure. 

Special  elongated  aerofoil  shapes  can  be  designed  for  lift  independent  of  incidence,  sec 
Diwaitcs.<M  These  have  flat-topped  velocity  distributions  and  arc  designed  for  a  Cg-range 
which  could  be  achieved  for  zero  angle  of  incidence.  Figure  141  is  a  thick-shape  example, 
obtained  by  Thwaites  for  -2.81  <  Cg  <  2.81.  Porous  suction  would  be  required  over  the 
rear  portion  of  the  foil  where  decreasing  velocities  would  occur.  The  small  plate,  not  shown, 
would  be  placed  at  various  positions  around  the  rear  of  the  foil  to  fix  the  desired  circulation. 

DISCUSSION  The  previous  discussion  about  slot-suction  lift  augmentation  is  applicable  here 
as  well.  Ilydrody namically,  the  area  suction  types  of  lift-augmenting  devices  are  not  impressive. 


For  example,  using  data  for  the  Thwaites  flap,  the  resulting  equivalent  lift-to-drag  curve  shows 
a  poorer  performance  than  most  of  the  other  devices  considered,  see  Figure  I.  Also,  marine 
fouling  of  /x>rous  areas  is  liable  to  be  an  even  more  severe  problem  than  with  suction-slot 
systems  b-cause  of  the  typically  smaller  holes  involved. 
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tgurc  131  Theoretical  Velocity  Distributions  on  Specially  Designed  E  longate 
Foil  Shape  for  Lift  at  Zero  Incidence 
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NAME:  Suction -Stabilized  Trapped  Vortex  Foil. 

DEFINITION  AND  OPERATION:  The  presence  of  a  captured  vortex  on  or  near  a  foil  can 
improve  its  lift  capability.  In  some  cases  this  is  due  to  induced  velocities  that  can  augment 
the  circulation,  in  others  the  vortex  velocities  may  act  as  boundary  layer  control  to  help 
suppress  separation.  Typically  there  is  a  cus/>-sluiped  depression  in  the  profile  shape  where  the 
vortex  is  maintained  by  some  form  of  slot  suction. 

CIRCULATION  CONTROL 

A  discussion  of  some  of  the  aspects  of  suction-stabili/ed  vortexes  is  given  by  Ringleb,18 
which  includes  useful  details  about  how  to  calculate  the  best  shape  of  the  cuspcd  depressions. 
For  example.  Figure  132a  shows  a  suction-vortex  profile.  This  profile  is  capable  of  producing 
a  section-lift  coefficient  of  C,  =  1.275  at  zero  incidence  with  a  suction  flow-rate  coefficient 
(  =  0.03M.  In  this  case  the  vortex  is  a  means  of  circulation  control.  Ringleb18  gives  test 

data  that  indicate  that  the  lift  augmentation  ratio  for  the  suction-vortex  foil  of  Figure  132a 
ls  of  the  order  =«  208. 

BOUNDARY  LAVIR  CONTROL 

Figure  133  shows  an  application  of  a  captured  vortex  for  boundary  layer  control.  With 
this  version  of  the  cusp-suction  profile,  the  cusp-shaped  slot  is  just  upstream  of  the  knee  of 
the  flap.  The  vortex  velocities  help  guide  the  flow  over  the  bend.  Figure  134  shows  the 
order  of  magnitude  of  the  lift  coefficient  and  the  flow  rate  required  for  an  aspect-ratio  10 
wing  at  large  flap  angles. 

STANW1M  SUCTION 

The  II.S.  patent  by  Ha/cn  and  RinglebQ7  presents  several  ideas  for  the  application  of 
suction-stabilized  vortexes.  The  third  sketch  of  Figure  1 35  shows  a  particularly  simple 
arrangement  whereby  a  single  suction  inlet  can  produce  and  stabilize  a  spanwise  captured 
vortex  with  n  a  corTectly  designed  cusped  depression.  This  concept  could  also  be  used  for 
boundary  layer  control  at  the  leading  edge  or  at  the  knee  of  a  foil-flap  arrangement. 

According  to  the  patent  text,  suction  flow  rate  coefficients  of  the  order  CQ  *  0.002  to  0.01 
are  sufficient  to  stabilize  the  spanwise  suction  configuration  shown  in  the  third  drawing  of 
Figure  135. 

OISCUSSION  Owing  to  the  lack  of  systematic  cxpcnmcntal  data  on  general  classes  of 
suction-vortex  foils,  it  is  premature  to  make  a  firm  judgement  on  the  relative  merits  of  the 
hydrodynamic  performance  of  these  devices.  Certain  objections  applicable  to  the  other  types 
of  suction  devices  may  not  be  as  cntical  here.  For  example,  the  slot  size  may  be  permitted 
to  be  larger  and  potentially  levs  likely  to  foul.  Also,  because  of  foil  geometry,  using 
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intermittent  flow  reversal  to  purge  the  duct  and  slot  systems  may  result  in  a  foil  with 
acceptable  hydrodynamic  characteristics.  This  would  be  necessary  to  reduce  the  profile  drag 
and  possible  cavitation  problems  on  such  a  blunt-based  foil  as  that  pictured  in  figure  132a 

Flow  Control  by  Moving  Surfaces 

Moving  surface  lifting-devices  utilize  the  continuous  motion  ol  part  of  their  material 
surface  to  induce  a  fluid  motion  that  enhances  the  force  production.  Such  surface  movements 
for  lift  augmentation  «.an  be  classified  by  their  main  physical  effect 

e  Moving  surfaces  which  yield  boundary  layer  control  to  achieve  the  ideal  potential  flow 
about  a  foil  shape,  for  example,  rotating  cylinders  and  moving  belts. 

•  Moving  surfaces  whose  main  function  is  to  induce,  directly,  a  gross  circulation  about  a 
foil,  which  when  translating  with  forward  speed,  results  in  lift.  This  is  called  circulation 
control.  Specific  examples  are  rotating  cylinders  and  rotating  flaps. 

•  Moving  surfaevs  that  produce  forces  directly  by  inducing  large-scale  pressure  fluctuations 
with  a  properly  tuned  phase  relationship  between  the  moving  surface  and  the  fluid  motion. 
Specific  examples  arc  flexible  plate  swimming,  rigid-plate  swimming,  pitching  and  heaving,  and 
flexible  body  swimming. 

Rotating  cylinders  on  foils  can  be  used  in  either  the  (  (  or  Bit  mode.  The  distinction 
will  be  made  evident  in  the  following  text  and  this  also  determines  how  a  proper  comparison 
should  be  made  betwren  them. 

fhe  discussion  is  divided  as  follows 

1.  Rotating  Cylinders.  (  (  and  HI  C  Modes 

2.  Rotating  Flaps 

V  Moving  Belts 

4.  Swimming  Plates. 

The  technical  literature  about  moving  surface  lift  producers  is  equally  as  vast  as  that  on 
devices  using  flow  control  by  fluid  blowing  and  suction.  \  comprehensive  collection  of 
information  about  this  subject  i»  beyond  the  scope  of  the  present  effort,  which  is  necessarily 
confined  to  the  highlights  There  dives  exist  an  encyclopedic  survey  of  rotating  wing  lift- 
and  thrust  producers  compiled  by  Foshag  and  Boshler.  Tl  e  work  concentrates  on  published 
reports  and  numerous  patents  concerned  with  such  things  as  wing  rotors,  rotating  cylinders, 
and  rotating  flaps  employed  in  many  and  diverse  configurations  in  conjunction  with  slats,  flaps, 
and  imbedded  in  wing  sections.  Other  subiccts  covered  in  Reference  9X  are  cyclogiro  systems 
and  various  horizontal  axis  propeller  arrangements.  Most  of  the  information  involves  applica¬ 
tions  to  aircraft. 
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NAME  Rotating  Cylinders.  Circulation  and  Boundary  Layer  Control  Modes. 
DESCRIPTION  AND  FORCE  ESTIMATES: 


ISOIATEO  NOTATING  CYLINDERS  CIRCULATION  CONTROL  MODE 

rhc  so-called  Magnus  ellect  is  responsible  for  the  till  force  experienced  by  a  circular 
cylinder  spinning  about  its  axis.  As  the  moving  surface  sweeps  through  the  lluid,  it  induces  a 
vortical  (low.  circulation  which  interacts  with  an  oncoming  stream  to  produce  a  force  perpen¬ 
dicular  to  both  the  free  stream  velocity  and  the  spin  axis 

Fofc*  i«lim«f« 

Jl  V  is  the  free  stream  velocity,  and  I'  is  the  induced  circulation  strength  produced  by 
the  spinning  cylinder,  then  the  lift  force  1  per  unit  span  is 


L-pVP  (701 

where  p  is  the  fluid  density.  This  is  the  simplest  form  of  circulation  control. 

It  would  appear  that  the  only  thing  to  be  established  by  experiment  is  me  relationship 
between  the  circulation  I'  and  the  peripheral  velocity  u  of  the  cylinder,  hence,  the  rotation 
rate  ui.  \s  is  expected,  I'm  V>  is  very  sensitive  to  the  asjx->.t  ratio  (b  d!  and  to  differences  in 
cylinder  end  conditions.  Moreover,  even  for  an  apparently  two-dimensional  geometry,  the 
relationship  between  ('  and  u  V  changes  character  at  some  fairly  moderate  value  of  u  V'. 

I  igure  136,  reproduced  from  Swanson.4  shows  .1  large  collection  ot  data  for  isolated  rotating 
cylinders  with  various  Reynolds  numbers,  asjxxt  ratios,  and  end  conditions,  showing  lilt 
coefficient  (  (  plotted  versus  the  velocity  ratio  u  V.  Here.  C(  is  defined  as 


where  I  is  the  lift  pet  unit  span,  and  d  is  the  cylinder  diameter.  Apparently  the  smaller 
aspect  ratio  cylinders  have  .1  smaller  f which  also  occurs  at  smaller  u/V  ratios.  Fnd 
plates  and  roughness  of  the  cylinder  surface  tend  to  increase  the  circulation  strength,  and  thus 
lift.  A  large  compilation  of  data  about  rotating-cy linder  lift  can  also  lx-  found  in  Foshag  and 
Boshler* 

Ihere  are  two  extremes  of  u/V  not  shown  in  Figure  136.  “large"  values  of  u/V  >  7  and 
"small”  values  of  11  V  <  1.0.  Both  these  regimes  have  been  investigated  experimentally,  for 
example,  by  Swanson,  and  some  of  the  results  are  reviewed  in  Reference  4.  The  Swanson 
experiments  are  the  closest  to  two-dimensional  <  AR  b/d  -*  available.  For  u/V  <  I.  the 


figure  136  Magnus  Lift  Coefficient  versus  Velocity  Ratio,  for  a  Variety  of 
Aspect  Ratios  b  <1  and  f-rwl  (  onditions 


lilt  coefficient  rices  very  slowly  with  u/V,  and  in  the  regime  u/V  <  0.5  the  lift  may  he 
slightly  negative  or  zero  depending  very  sensitively  on  Reynolds  number  Rr,  based  on  cylinder 
diameter.  Some  curves  are  given  in  Reference  4.  for  the  low-velocity-ratio  regime  for 
3.5  x  I04  <  Rt  <  50.1  x  I04. 

For  a  large  range  of  u  V,  Figures  137a  and  137b  reproduced  from  Swanson,4  show  the 
variation  of  two-dimensional  lift  and  drag  coefficients  plotted  versus  the  velocity  ratio  u/V. 
rhe  Reynolds  number  range  for  these  data  is  3  x  I04  <  Rf  <  3  x  I05.  There  are  two 
interesting  features  displayed  here.  First,  although  the  lift  curve  changes  steepness  in  the 
vicinity  of  u/V  *  3,  there  seems  to  be  no  indication  that  there  is  a  peak  value  of  CL(2D>  as 
predicted  by  a  potential  theory  model,  see  Swanson.4  Note  also  that  the  measured  Ct  (2D) 
curve  exceeds  the  value  4*  for  u/V  >  12.5.  Tins  means  that  the  outer  How  effective 
stagnation  point  has  been  moved  completely  away  from  the  surface.  The  trend  observed  from 
the  (  ,  curve  obtained  by  Swanson  is  that  lift  can  continue  to  increase  by  simply  spinning  the 
cylinder  faster.  Lilt  performance  of  a  two-dimensional  rotating  cylinder  can  be  approximated 
in  two  separate  ranges  of  u/V  by  the  following 
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A  second  main  feature  ot  rotating-cvlindcr  performance  is  that  the  two-dimensional  drag 
coefficient  does  reach  a  maximum  value  of  C|>nu>  =  2.85  at  u/V  sr  4.2.  then  it  gradually 
decreases  toward  a  constant  value  with  further  increases  in  u'V. 

More  data  about  htt  and  drag  forces  created  by  isolated  rotating  cylinders  can  be  found 
in  the  numerous  references  cited  b>  Swanson.4 

Finite-aspect  ettects  and  end  disks  can  have  a  great  influence  on  the  lift  performance  as 
indicated  from  the  curves  in  Figures  13s  and  139.  adopted  from  Kuchemann."  The  lift 
coefficient  for  a  finite-length,  spinning  cylinder  rotating  at  a  given  u/V  can  be  estimated  from 
the  formula 


< t(2D> 

(  l  *  I  ♦  k  2  AR 


(74 1 


where  (  ,  (2Dl  is  the  twoslimenoonal  lift  coefficient  at  the  given  u/V.  and  «  is  a  correction 
factor  dependent  on  the  ratio  between  end  plate  height  and  the  cylinder  span  that  could  be 
estimated,  using  the  ideas  presented  by  Mangier  ,nn 
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Figure  1 38  Lift  Coefficient  as  a  Function  of  Velocity  Ratio  for  Figure  139  Polar  Plot  of  Lift  and 

Rotating  Cylinder  with  and  without  Ind  Disks  Drag  Ratios  for  Rotating  Cylinder 

_  ^  99  with  and  without  End  Disks 
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Po—MWf  Estimate 

The  power  per  unit  span  required  to  rotate  a  circular  cylinder  against  the  fluid  friction 
torque  has  been  studied  experimentally,  for  example,  by  Thom101  and  was  demonstrated  to 
be  proportional  to  rpm\  It  can  be  shown  by  dimensional  arguments  that  the  fluid  friction 
rotation  power  Pf  needed  to  spin  a  cylinder  of  length  (span)  b  is  approximately102 


thus 


P(  =  (irCF  )pr4bwJ 
P,  =  (j;  *4CFj  pd4  bn' 


*4C,  (60)°j  pd4bNJ 


(75) 


where  r  =  cylinder  radius 
d  =  2r 

w  =  circular  frequency  =  2irn  =  2u/d 
n  =  revolutions  per  second 
N  *  rpm  =  bOn 

u  =  cylinder  peripheral  velocity 
V'  =  frec-strcam  velocity 

C'f  =  effective  Huul  friction  coefficient  based  on  velocity  u  and  area  irdb 
Then,  the  rotation  power  coefficient  is 


( 76a  l 


or 


(76b) 


where  S(  =  db  =  planform  area  of  cylinder.  With  data  and  discussions  from  Thom.101  Steele, 
and  Harding.102  Brooks.10'  and  Weiberg  and  Gamse104  a  value  of 
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Nocm-.  to  tit  the  appropriate  circumferential  Reynolds  number  range  (>  I06)  and  applies  to  a 
moderate  surface  roughness;  see  H.  Schlichting,  “Boundary  Ijyer  Theory.” 

Ilie  same  relationships  hold  true  for  the  power  required  when  the  cylinder  is  partially 
imbedded  in  the  leading  or  trailing  edge  of  a  hydrofoil  or  flap.  That  is.  the  exposed  area  of 
the  rotating  cylinder  to  the  tree  stream  has  little  influence  on  the  power  required  to  spin  it. 

Equivalent  Section  Or*f 

Parallel  to  the  analysis  of  slot-blowing  devices,  it  is  convenient  to  define  an  equivalent 
drag  for  the  case  of  rotating-cylinder  devices,  which  contains  a  penally  for  the  power  required 
to  spin  the  cylinder.  Here,  the  equivalent  two-dimensional  drag  is  defined  as 

Vb 

*\<2Df  *Vjd)+  V 

where  O^^is  the  section  profile  drag  force,  experienced  by  the  cylinder,  with  rotation,  and 
P,  b  is  the  fluid  friction-rotation  power  per  unit  span  estimated  from  Equation  (75).  Then, 
an  equivalent  section-drag  coefficient  based  on  the  cylinder  diameter  is 

c*.  ■  S  *  o*> 

where  Cj  =  /  2  d is  the  section  profile  drag  coefficient,  and  is  defined 

in  Equation  ( 7ba). 

Eorc««  on  •  Flcopod.  Cvlmdo 

It  is  possible  to  generate  lift  forces  on  a  cylinder  even  when  there  is  no  spin,  by  placing 
a  small  tab  or  flap,  of  length  c.  on  the  underside  surface  of  the  cylinder.  However  there  is  a 
large  drag  penalty.  Figures  140  and  Ml.  reproduced  from  Lockwood  and  McKinney*® 
contain  litt  and  drag  data  for  the  performance  of  a  nonrotating  lifting  cylinder,  fitted  with  a 
small  flap  of  chord  ratio  c/d  =  0.06.  The  effect  of  Reynolds  number,  based  on  cylinder  dia¬ 
meter.  is  shown  in  Figure  140  for  the  case  when  the  tab  is  positioned  at  90°  to  the  free 
stream.  Variations  of  the  force  coefficients  with  the  angular  position  6  of  the  flap  are  shown 
in  Figure  141. 

DISCUSSION  Use  of  a  rotating  cylinder  alone  for  control-force  production  has  several 
disadvantages.  Even  though  large  lift  coefficients  are  possible,  there  is  also  a  severe  drag 
penalty.  The  overall  hydrodynamic  performance  of  the  isolated  spinning  cylinder  is  low.  as 
indicated  by  its  equivalent  lift-to-drag  ratio  curve  plotted  in  Figure  I.  To  reverse  the  lift- 
force  direction,  the  cylinder  must  he  stopped  and  spun  to  the  proper  speed  in  the  opposite 
direction.  Tins  would  require  a  braking  system  and  time.  It  is  possible  to  generate  a  small 
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figure  140  I  fleet  of  Reynolds  Number  on  Aerodynamic  Characteristics  of  a 
l  if  imu  Cylinder,  c  d  *  0.06.  ft  *  90  Degrees 
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lift  force  on  a  stopped  cylinder,  but  only  with  a  separate  actuation  system  for  a  small  (lap 
such  as  that  pictured  in  Figure  141.  Hie  drag  penalty  would  be  large.  With  no  spin  and  no 
control  tlap,  a  circular  cylinder  would  lx-  a  very  poor  substitute  for  a  foil-like  control  surface 
in  providing  directional  stability  of  a  submarine.  Finally,  bearing  noise  could  be  a  problem, 
especially  if  very  high  rotational  speeds  of  the  cylinder  are  used. 

ROTATING  CYLINDER  -  FOIL.  CIRCULATION  CONTROL  MODE 

The  use  of  a  rotating  cylinder  at  the  trailing  edge  of  a  lifting  foil  (Figure  142>  falls  into 
the  category  of  circulation  control.  The  fluid  mechanical  effect  of  the  spinning  cylinder  is 
analogous  to  that  created  by  a  tangential  jet  blowing  over  the  rounded  rear  end  of  the  so- 
called  ('('  foil.  Piat  is,  the  rear  stagnation  point  is  pulled  around  to  a  position  on  the  under¬ 
side  of  the  trailing  edge,  causing  a  How  asymmetry  associated  with  circulation  and  hence  lilt. 
Together  with  the  foil-section  thickness,  foil  shape,  and  free  stream  speed  V.  the  cylinder 
rotation  rate  co  determines  the  effective  rear  stagnation  point  S  pictured  in  Figure  142. 

Fort#  EdimatM 

It  is  cM'K’ctcd  that  the  two-dimensional  lift  augmentation  due  to  cylinder  rotation  should 
behave  somewhat  like  the  curve  shown  in  Figure  13b,  at  least  for  small  and  moderate  u  V 
values.  In  the  present  case,  there  is  a  theoretical  maximum  section-lift  coefficient  of  approxi¬ 
mately  2  *  ( 1  Me).  where  t  is  the  foil  thickness,  and  c  is  the  chord.  Unlike  the  situation  with 
the  isolated  spinning  cylinder,  the  geometry  of  the  imbedded  rotating  cylinder  would  prevent 
the  (low-stagnation  point  from  being  pushed  completely  away  from  the  body  surface  as  u  V 
grows  large  Unfortunately  the  available  data  for  the  rotating  cylinder  CC  concept  are  meager 
and  cover  only  the  range  of  small  values  of  u  V. 

Water  tunnel  data  obtained  by  Brooks10'  provide  some  idea  of  the  lift  and  drag  perfor¬ 
mance  of  an  1 8.2-pcrcent-thick.  TT.  rotating-cy  lmder-foil  model  spanning  the  2.25-inch,  test 
section  width  of  the  tunnel.  The  geometric  aspect  ratio  is  0.404,  and  the  chord-length 
Reynolds  number  is  Vc/r  -  1.33  x  10*.  Data  were  collected  for  the  smooth  and  knurled 
cylinders  pictured  in  Figure  14  3.  Figures  144  and  145  show,  respectively,  the  variation  of 
the  lift  and  drag  coefficients,  for  zero  foil  incidence,  plotted  versus  the  velocity  ratio  u  V. 

Based  on  the  portions  of  the  curves  near  u/V  "  1.4,  the  lift-augmentation  ratios  for  the 
smooth  and  knurled  cylinders  are  A('t  /A(u/V)  ■»  0.)b2  and  0.317,  respectively,  The  rough 
cylinder,  knurled,  gives  higher  incremental  lift  and  also  higher  drag. 

A  crude  estimate  of  the  variation  of  lift  increment  of  a  two-dimensional  foil  section 
having  a  TF  rotating  cylinder  can  be  made  using  the  mviscid  analysis  of  Ncumark10*  for  a 
rotating  flap  airfoil.  In  the  limit  of  a  rotating  cylinder  replacing  a  rotating  flap,  the 
approximate  estimate  for  lift  becomes 
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figure  145  Variation  of  Drift  Coefficient  versus  Velocits  Ratio  tor  a  Trailing-Edgc 
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at  zero  foil  incidence.  It  the  data  of  Brooks1  "*  arc  corrected  to  infinite-aspect  ratio,  using  an 
effective  aspect  ratio  ol  1  20H.  the  cmpincal  variation  lor  the  Brooks  case  (d/c  =  0.136)  in  the 
neighborhocxl  ol  u  V  1.4  is 


where  d  is  the  cylinder  diameter,  and  c  is  the  chord. 

I  fleets  of  finite  aspect  ratio  on  lift  and  drag  can  be  accounted  for  crudely  in  the  usual 
way.  lhat  is.  the  lilt  coefficient  of  the  finite-aspect  ratio  foil  can  lx-  expressed  in  terms  of 


the  section  values  as 


where  (  is  the  section-lilt  coefficient,  and  I  \K>  is  the  approximate  aspect  ratio  correction 
factor  given  in  I  quation  (41  i  Pie  three-dimensional  drag  coefficient  is  written  as 

C  *  C  ♦  C  (811 

n  t>  t), 

P  1 

where  (  is  the  profile  drag  «izh  cylinder  rotation,  and  flic  induced-drag  lcrm  (  .,  is 
1  r  ' 

obtained  irom  1  quation  iK>. 

Numerous  other  II  rotating evlinder  foil  arrangements  arc  discussed  by  loshag  and 
B-’sliler'**  for  a  variety  of  aspect  ratios  and  wingbodv  configurations 


Pie  fluid  friction  power  required  to  spin  the  cylinder  has  the  parameter  variation 
expressed  in  fq  nation  t7Xi  |  1(furc  146.  reproduced  from  Briniks.1"’  shows  the  horsepower 
required  to  spin  the  3  4  inch  diameter  cylinder  fitted  at  the  rear  end  ol  the  5.5-inch-chord 
(ml  shape  from  thev  data,  the  effective  friction  coefficients  (fquation  (75)1  applicable  to 
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at  a  cylinder  circumference  Reynolds  number  R  ^  5.7  x  10s.  So  the  value  of  C.  =  0.007 

cUcUllt  I' 

chosen  lor  general  estimates  liquation  ( 77 M  has  a  reasonable  intermediate  value  for  a  rough¬ 
ened  surface. 

A  lift-to-power  ratio  can  Ik  formed,  using  the  expressions  for  both  lift  increment  and  for 
power,  see  (quation  (79l.  Using  values  trom  the  Brooks1"’  data,  the  lift  coefficient  increment 
|Kr  unit  power  coefficient  is 
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where  the  C.  -values  .ire  given  in  I  quations  (K2>.  the  power  coefficient  based  on  total  foil 
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plan  form  area  is  C  ('  <  S  S)  (  _  id  cl.  and 
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is  the  measured  lift  incre- 


DISCUSSION  Because  >1  the  fluid  mechanical  similarity  between  rotating-cyhnder  CC  foils 
and  foils  using  tangential  blowing,  there  are  certain  similarities  in  overall  characteristics.  Pie 
main  advantages  are  i  1 1  1  ift  mas  be  produced  independent  of  foil  incidence  and  (2l  sub¬ 
stantial  hi!  may  Ik  generated  at  low  forward  sjn-cd  merely  by  increasing  the  velocity  ratio  u/V. 

Pic  principle  disadvantages  arc 

I  There  will  be  a  relatively  larger  drag  (Knalts  at  all  velocity  ratios  u'V.  compared  with 
the  tangential  jet  blowing  technique.  Pm  is  because  of  the  inherent  high  drag  characteristics 
of  rotating  cylinders  I  or  zero  foil  incidences,  at  zero  rotation  (zero  lift l.  the  drag  will  be 
Large  because  <>l  the  rounded  trailing  edge.  On  the  basis  of  equivalent  lilt-to-drag  ratio,  the 
rotating  cylinder  form  of  C<  is  no  better  than  CC  by  tangential  jet  blowing. 

2.  Pie  power  consumption  grows  vers  large  at  high  speed,  being  proportional  to  rpm1 
or  V'  for  constant  (u  Vi,  sec  I  quation  I  75  >  However,  at  small  values  of  u/V  the  lift 
increment  to-power  ratio  is  actually  superior  to  that  achieved  by  tangvntial  blowing.  Tor 
example  from  the  Brooks101  data  corrected  to  infinite-aspect  ratio,  the  section-lift  coefficient 
is  (  (  1.12  at  u  V  1.4  for  the  knurled  cylinder.  Pus  gives  a  lift  mcrvmcnt-to-powcr  ratio 

from  1  quation  lX.P 


AC, 

»  45.6  (Ml 

'  r 

which  is  about  2.2  times  laigrr  than  the  value  for  the  1 5-pcrcent-thick  tangential  blowing  OC 
foil  performance  achieved  for  C(  *  1.12  at  ('  *  0.028  ( I  ngl.u  at  the  Center!.  However,  a 
cambered  20-pcrcent-thick  slot  blowing  CC  foil  (Williams  and  Howe  at  the  Center)  delivers 


JkC/(p  -  67  at  C  *  1.5. 

3.  To  reverse  the  lift  force  direction,  the  cylinder  will  have  to  Ik  stopped  and  reversed. 
Hus  will  add  complexity. 

4,  Other  problem  areas  will  include  noise  and  cavitation  at  the  sharp  lips  of  the  foil 
adjacent  to  the  cylinder. 

ROTATING  CVLINDt  R  TOIL.  BOUNDARY  LAYER  CONTROL  MOOE 

figures  147  and  l4Xa  show  the  two  different  schemes  for  the  use  of  rotating  circular 
cylinders  as  boundary  lay  er  control  devices.  In  both  cases,  the  gains  to  lie  achieved  by  the 
Hit  effect  of  a  spinning  cylinder  are  greatest  at  lnrg<r  deflection  angles  ol  the  trailing  foil  or 
flap.  I’nhke  the  II  rotating  cylinder  f oil .  the  Hit  version  must  be  operated  at  high  angles  of 
attack.  The  fluid  mechanical  effect  of  the  rotating  cylinder  at  those  locations  where  the 
boundary  layer  is  likely  to  separate,  the  moving  surface  energizes  the  flow  so  that  it  can 
negotiate  the  turn  over  the  foil  or  over  the  trailing  edge  flap,  lilts  is  shown  in  Figure  1 48b. 
The  role  of  the  rotating  cylinder  is  to  force  the  flow  to  remain  attached  over  the  foil  or  flap, 
and  thereby  to  achieve  the  idea!  predicted  lift  coefficient.  Because  of  the  sharp  trailing  edge, 
the  maximum  section  circulation  is  fixed  by  the  flap  deflection  angle. 


Fore*  lltMMlM 

Some  sample  existing  data  arc  presented  for  lifting  toils,  having  either  the  leading-edge 
or  the  flap-knee  location  of  a  spinning  cylinder. 

LMd>n«  e<rp  Cv<»mn>  I  igurv  1 4(>  shows  data  obtained  in  a  water  tunnel  by  Steele  and 
Harding1  for  the  variation  of  lift  coefficient  versus  velocity  ratio  for  a  rudder  t  AK  **  1.67) 
equipped  with  a  leading-edge  cylinder  The  sketch  shows  this  augmented  control  surface  in 
one  of  the  possible  applications  on  a  surface  ship  rudder.  Note  that  for  a  given  angle  of 
deflection  o  (angle  of  attack),  there  is  a  value  of  u  V  beyond  which  the  lift  docs  not  increase 
further.  Pus  velocity  ratio  is  identified  as  the  (u  V)o|(  required  to  obtain  the  ideal  potential 
flow  . 

Wolff  and  Koning'1'  have  presented  wind  tunnel  data  for  an  aspect  ratio  5.4  rectangular 
wing,  having  the  foil  section  shape  indicated  in  Figure  150a  The  variation  of  lift  coefficient 
versus  angle  of  attack  for  various  velocity  ratios  is  shown  in  Figure  150b.  Figures  151  and 
152  show,  respectively,  the  variation  of  lift  coefficient  and  drag  coefficient  versus  o  for 
u  V  =  3.2.  All  the  data  of  Figures  151  and  152  were  obtained  at  a  Reynolds  number,  based 
on  chord  length,  of  ~  6  x  I04. 

rv»i>  KwCiindH  Fxamplc  two-dimensional  lift  and  drag  data  for  a  foil  with  a  45-inch- 
diametcr  rotating  cylinder  at  the  flap  knee  are  shown  in  Figure  153.  reproduced  from 
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Alvarez-Caldcron  and  Arnold108.  The  foil -cylinder-flap  arrangement  is  shown  in  Figure  14Ha. 
Wind  tunnel  tests  were  performed  with  a  Toil  having  a  basic  NACA  23018  section  shape  with 
flap  geometry.  cf|  /c  -  0.4,  Cfj/c  =  0.1b,  and  ll^/c  ~  0.715.  The  curves  show  section-lift 
coefficient  Cg  and  uncorrected  drag  coefficient  (  du  versus  u/V  for  the  flow  condition  a  *  V°, 
6f  =  40°.  and  Reynolds  number,  based  on  3.28-foot  chord,  of  Rr  -»2x  10*.  Complementary 
discussions  and  photographs  of  the  flow  past  a  flap-knee  rotating  cylinder  are  given  by 
Alvarez-Caldcron.10* 

Data  for  the  aerodynamic  performance  ol  a  large  model  airplane  having  an  aspect  ratio 
3.57  wing  with  a  rotating  cylinder  at  the  flap-knee  are  presented  by  Weiberg  and  Ciamse.104 
Curses  are  given  for  the  wings  with  and  without  end  plates. 

Eimte-aspcct-ratio  corrections  can  be  approximated  in  the  usual  way.  using  the  formulas 
outlined  earlier,  sec  Equations  (801  and  <8 1 ). 

Eoshag  and  Boshler'*  present  other  provacativc  possibilities  for  the  use  of  rotating 
cylinders  gleaned  from  the  extensive  patent  literature. 


Eo wmf 

rhe  fluid-friction  power  required  to  spin  a  cylinder  at  either  the  1 1  or  flap-knee  location 

has  the  same  general  parameter  variation  displayed  in  Equation  <75l.  It  is  interesting  that  the 

effective  friction  coefficient  determined  from  the  power  data  for  the  flap-knee  rotating 

cy  linder  studied  by  Weiberg  and  Ciamse1"4  for  smooth  cylinders  is  only  C,  ~  0.00266. 

Inis  applies  to  a  cylinder-circumference  Rcvnolds  number  R  ~  1.2  x  10*1 . 

cif  cum 

An  equivalent  section  lift-to-drag  ratio  for  BLC  rotating-cy linder  devices  is  defined  as 
before,  using  the  equivalent  drag  from  Equation  (781.  which  contains  the  rotational  power 
coefficient  of  Equation  (76i. 

DISCUSSION:  Lhc  use  of  a  rotating  cylinder  at  the  leading  edge  of  a  foil  or  at  a  flap  knee 
is  an  effective  device  for  boundary  layer  control,  especially  in  conjunction  with  large  deflection 
angle*.  Although  the  effect  of  a  BLC  rotating  cylinder  for  (u/V)  <  (u/V>7|i  resembles  the 
effect  produced  by  slot  blowing  over  foil  or  flap,  there  is  no  comparable  regime  of  supcrcircu- 
lation  as  is  obtained  with  a  blown  flap  when  C  >  (' 

**  ^Ctll 

In  terms  of  povsiblc  application  to  submarine  control,  the  salient  features  are 

1.  The  BLC  rotating  cylinder  foil  offers  a  control  system  redundancy  if  the  cylinder 
drive  fails,  the  foil  or  flap  could  be  used  simply  as  an  unpowered  device. 

2.  On  the  basis  of  equivalent  lift-to-drag  ratio  (Figure  1).  the  BLC  rotating  cylinder  at 
the  flap-knee  is  less  effective  than  a  blowm  flap,  somewhat  superior  to  a  TE  rotating  cylinder 
foil,  and  superior  to  an  l.E  rotating  cylinder  foil.  However,  this  comparison  is  based  on  the 
meager  data  available  and  will  probably  need  revision  as  more  data  arc  generated.  Note  in 
Figure  I  that  the  various  rotating  cylinder  devices  are  compared  in  their  appropriate  modes 
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the  C'C  device  at  a  =  0.  and  the  two  BLC  devices  at  laricc  foil  incidence  and/or  large  flap 
angle. 

3.  Compared  to  the  C'C'  rotating  cylinder  device,  the  BLC'  devices  should  have  lover 
drag  penalties  at  C',  =  0  because  of  their  sharp  trailing  edges. 

4.  The  BLC'  rotatmg-cylinder  devices  require  large  power  at  high  speeds,  power  ®  V3  at 
constant  u/V.  Ilie  same  is  true  of  course  for  the  C'C  device  Therefore,  the  best  regime  of 
operation  for  these  devices  would  be  at  low  speed,  leaving  high-speed  control  forces  to  be 
generated  by  simple  foil  or  flap  deflection. 

5.  Marine  fouling  would  probably  be  less  of  a  problem  with  rotating  cylinders  than  with 
slot-blowing  or  suction  devices. 

6.  Reversing  the  foil  or  llap  deflection  in  order  to  reverse  the  lift-force  direction  would 
require  stopping  and  reversing  the  cylinder.  This  would  require  extra  machinery  and 
versatility. 

7.  Other  problems  areas  include  noise,  vibration,  and  cavitation. 


NAME  Rotating  Foils  and  Flaps. 


DESCRIPTION  AND  FORCE  ESTIMATES:  A  rotating  foil  lifting  device  is  similar  to  rotating 
circular  cylinders  used  for  circulation  control,  and.  of  course,  the  cylinder  can  be  thought  of 
as  a  special  case  of  a  rotating  foil  in  which  the  rotating  foil  chord  and  foil  thickness  are  the 
same.  Therefore,  this  discussion  begins  with  the  characteristics  of  an  isolated  rotating  foil 

FORCE  ESTIMATES 

figure  154a  is  a  sketch  of  an  isolated  rotating  loll.  Data  obtained  by  Kiichemann^  and 
reviewed  by  Ncumark106  are  reproduced  in  figures  154b  and  154c  for  the  lilt  versus  velocity 
ratio  and  lilt  versus  drag  curves,  respectively.  These  curves  are  lor  both  rotating  cylinders  and 
biconvex  foils,  having  various  as|H’ct  ratios  and  end-disk  arrangements.  Ihe  following  features 
of  rotating  foils  are  evident. 

1.  The  lilt  curve  slope  M  (  A  ”  in  the  range  u  V  <  I  is  considerably  larger  for  the 
biconvex  rotating  toil  than  for  the  rotating  cylinder. 

2.  The  drag  coefficient  is  very  large  often  nearly  twice  the  lift  coefficient  for  all 
cases  when  u  V  *  0. 

3.  The  ultimate  (  .  is  larger  for  a  rotating  cylinder  than  for  a  rotating  foil 

fhe  rotating  foil  is  a  much  more  efficient  inducer  of  circulation  at  low  u/V  values,  compared 
with  the  circular  cylinder.  More  important  is  the  fact  that  the  foil  will  autorotate  at  some 
u  V  <  I  and,  hence,  will  produce  lift  augmentation  with  no  direct  power  expenditure.  The 
penalty  of  course  is  a  tremendous  drag  coefficient.  Although  the  drag  coefficient  of  a  rotating 
foil  is  comparable  to  or  larger  than  that  of  a  cylinder,  the  foil  can  be  held  fixed  (u/V  =  Oi 
with  the  Hap  chord  parallel  to  the  free  stream,  so  that  it  has  a  relatively  small  drag  coefficient, 
no  larger  than  an  ordinary  foil  at  ('.  =  0. 

A  rotating  foil  can  be  used  together  with  a  fixed  foil,  in  which  case  the  combination  is 
called  a  rotating-flap  airfoil,  see  Figure  155.  An  inviscid  analysis  of  the  rotating  flap  airfoil  is 
presented  by  Ncumark1 The  results  are  restricted  to  cases  where  t/c  «  I .  C  is  comparable 
to  d  2.  the  circulation  induced  by  the  flap  rotation  is  I'  ~  u.  and  the  incidence  angle  of  the 
foil  is  small.  Figure  155  indicates  the  notation.  The  assumption  that  T  ~~  u  is  in  accordance 
with  the  experimental  data  of  Figure  154b  for  tree-rotating  flaps,  where  it  is  seen  that 
<  j  <*  u  V  up  to  a  maximum  value,  and  T  -  u  also  implies  no  interference  between  the  airfoil 
and  the  rotating  flap. 

I  nder  the  previously  described  restrictions.  Neumark,0,>  obtained  an  approximate  result 
for  the  two-dimensional,  lift-coefficient  increment 
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Figure  154a  Isolated  Rotating  toil  in 
a  liutorm  Stream  V 
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lo  the  approximation  considered,  ttic  lilt  increment  is  the  same.  regardless  ol  whether  the  flap 
is  above  or  below  the  chord  line  of  the  foil.  Plat  is.  the  hit  increment  is  an  even  function  of 
0.  \lso  the  lift  increment  is  increased  as  0  is  decreased  and  as  the  gup  < =  « d  2i  between  the 
leading  edge  of  the  rotating  flap  and  the  trailing  edge  of  the  airfoil  is  decreased. 

Some  experimental  data  from  Ruchemann  for  the  performance  of  a  rot  a  ting-flap  airfoil 
are  shown  in  figure  I  5b.  reproduced  from  Ncumark  ll>*  These  data  apply  to  the  lift  on  an 
aspect  ratio  '.(<7.  rcctanguljr  planform  wing-flap  combination,  fitted  with  elliptical  end  plates, 
where  both  wing  and  (lap  have  an  NA(  A  23015  section  shape,  and  where  the  flap  chord 
length  is  0.25c.  Hie  curves  show  the  maximum  attainable  lift  coefficient  (  imjx-  w0h  respect 
to  angle  of  attack,  plotted  versus  velocity  ratio  for  three  configurations.  Note  that  for  the 
flap  in  position  2.  for  example,  a  value  (  {  "  2  4  is  obtained  at  u  V  **  0.7.  At  this  condi¬ 

tion.  the  flap  autorotates  and  thus  has  no  augmentation  power  requirement,  aside  from  the 
power  required  to  overcome  the  increased  drag. 

1  igurrs  l<''  and  I5N.  reproduced  from  <  rabtree.1"  show .  respectively,  the  lift-incidence 
and  the  lift-drag  polar  curves  for  Ihe  same  as|X'vt  ratio  2.('7_  wing-flap  combination  described 
previously,  with  the  rotating  flap  in  position  2.  Note  that  tn  figure  157,  the  large  sanations 
of  (  (  at  fixed  angle  of  attack  and  substantial  values  of  negative  lift  can  be  obtained  at 
positive  angle  of  attack  by  making  u  V  <  0.  Ilus  means  that  with  this  scheme,  it  is  possible 
to  achieve  the  desirable  property  of  "lift  independent  of  incidence."  As  seen  in  figure  I5K. 
the  drag  coefficient  (  „  is  very  large  at  all  values  of  htt  when  the  flap  rotates. 

When  the  flap  is  held  fixed  in  place  (0  0°  and  45°  >.  ’he  drag  coefficients  are  considerably 

smaller  and  arc  roughly  comparable  to  those  of  ordinary  foil-flap  arrangements. 

Several  other  proposed  configurations  for  the  use  of  rotating  flaps  and  imbedded  rotors 
for  augmenting  circulation  and  or  HIC  on  foils  arc  reviewed  by  fosliag  and  Boshler. 


rowtniNC.  niooiREMiNT 

As  for  rotating  cylinders,  the  power  required  to  rotate  a  flap,  excluding  bcaring-fnction 

power,  is  proportional  to  rpm ' .  this  is  evident  from  the  fact  that  the  power  coefficient  KPr 

given  in  figure  I  51*  is  essentially  a  constant  for  u  V  >  2.  Here,  the  flap  rotational  power 

coefficient  kr  .  based  on  the  planform  area  of  the  rotating  member  and  the  peripheral 

rg 

velocity,  is  defined  as 
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Figure  159  Variation  of  Power  Coefficient  'ervus  u  V  for  an  \spcct  Ratio  2  Rotating 
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where  SR  *  b  •  c 

b  =  span 

c  *  chord  of  rotating  foil 

n  *  u>/2»  =  revolutions  per  second 

u  =  (c/2i-cc  -  wen  =  peripheral  velocity. 

Hie  curves  in  Figure  I  5l>  apply  to  an  aspect  ratio  2.  rotating  wing,  having  a  biconvex  circular 
arc  foil  section.  From  Figure  I  59,  for  the  rotating  foil  with  circular  end  plates,  the  power 
coefficient,  defined  as  usual.  C'Pr  =  Power  pV3SR.  is  (pR  =  kP|<(u/Vi3  0.08  (u/V)3 . 
Compare  this  with  the  save  of  rotating  circular  cylinders  (Equation  (76)),  where 
<  r,  "  0.022tu  Vi’  tor  the  suggested  choice  of  rough  cylinder-friction  coefficient  in 
Equation  (77). 


DISCUSSION  I'se  of  the  rotating  foil  or  rotating  flap  airfoil,  particularly  the  latter,  for 
control-force  production  has  the  following  advantages 

1.  High  lift  coeffisients  can  be  attained  nearly  independent  of  foil  incidence.  There  is  a 
corresponding  very  large  drag  coefficient  which  may  not  be  a  serious  penalty  at  low  speeds 
Actuation  of  these  types  of  devices  would  provide  simultaneously  hydrodynamic  braking  as 
well  as  a  large  transverse  force. 

2.  lift  augmentation  can  be  obtained  without  power  expended  in  driving  the  rotating 
flap,  fhis  is  accomplished  when  the  flap  autorotates  with  u  V  <  1 

V  When  lift  augmentation  is  not  needed,  sav.  at  high  speeds,  the  flap  can  be  locked  into 
a  position  where  it  can  function  as  an  ordinary  flap 

4  An  interesting  possibility  exists  here  for  combining  the  configuration  of  a  rotatmg- 
flap  foil  with  that  of  the  “external  foil  flap"  pictured  in  Figure  8  Under  ordinary  circum¬ 
stances.  the  flap  would  operate  with  the  desirable  characteristics  outlined  in  Section  A  In  an 
emergency  ,  the  same  flap  would  be  allowed  to  autorotate,  or  could  be  driven,  in  order  to 
generate  a  control  force  plus  braking  influence.  This  idea  is  sketched  in  Figure  IhO. 

The  main  disadvantages  include  mechanical  complexity,  possible  severe  vibration  and 
noise  problems,  and  possibly  cavitation,  if  large  u  V  values  are  used 


NAME:  Moving  Balts. 

DESCRIPTION  AND  FORCE  ESTIMATES:  A  moving  belt  may  be  used  to  replace  the  upper  or 
suction  side  of  a  lifting  foil.  If  the  direction  of  the  motion  of  the  belt  is  such  that  its  exposed 
part  moves  in  the  same  direction  as  the  free  stream,  there  will  lx*  some  reduction  in  skin 
friction  locally .  however,  more  importantly,  the  moving  surface  helps  force  the  streamlines  to 
conform  more  closely  with  theoretically  predicted  potential  flow  pattern.  If  the  belt  moves 
with  sufficient  speed,  it  imparts  excess  kinetic  energy  to  the  adjacent  boundary  layer  flow, 
enabling  it  to  negotiate  turns  and  adverse  pressure  gradients,  thus  suppressing  the  tendency  for 
separation. 

FORCE  ESTIMATE 

An  example  of  an  attempt  to  implement  moving-belt,  boundary  layer  control  is  presented 
by  Bond.1"  who  also  has  provided  a  helpful  list  of  references  that  includes  some  pertinent 
U.S.  patents,  figure  lolb,  reproduced  from  Reference  III.  shows  the  variation  of  lift 
coefficient  versus  angle  ot  attack  lor  a  TO. 5 -inch-chord  VA(  A  hft4  A421  foil  section,  equipped 
with  a  moving  belt  stretching  over  the  forward  K5  percent  of  the  chord,  see  figure  1  <»  1  a. 

Data  are  included  lor  the  cases  with  the  belt  moving  and  with  the  belt  held  stationary  as  well 
as  for  both  flapped  and  unflapped  configurations.  Die  moving-skin  curves  apply  to  the  case 
of  V'  V  "I.  where  V.  is  the  absolute  velocity  of  the  belt  surface,  and  V  is  the  free 

BO  P  1 

stream  velocity  Die  model  is  inches  wide,  aspect  ratio  =  1.18;  however,  the  moving-belt 
portion  is  narrower.  17.5  inches,  with  an  active  aspect  ratio  of  0.5  4 

Note  that  at  a  ■  20°.  the  lift-augmentation  ratio  is  AC,  A  0 .55  for  the  unflapped 

foil,  which  is  roughly  equivalent  to  the  performance  of  the  other  moving-surface  devices. 

Profile  drag  t ‘  on  the  foil  moving-belt  system  can  be  estimated  roughly  by  the 

nr 

formula 


S*c°p A~r),c' ('-£)  t' 


where  (  „  -  profile  drag  of  foil  section  shape,  based  on  planform  area  S 

Po 

S*  “  surface  area  ol  belt  exposed  to  the  free  stream 

Cf  *  friction  drag  coefficient  appropriate  for  belt-length  Reynolds  number 
Corrections  on  lift  and  drag  for  finite-aspect-ratio  effects  can  be  approximated  in  the 
usual  way  using  fquations  (KOI  and  (R1 1. 


ANGLE  OF  ATTACK  a 


Figure  I6lb  Variation  of  Lift  (otflioffll  *er»u»  Angle  of  Attack 
for  a  NW'A  hue  Foil  Shape  with  a  Moving  Hell 

Extending  over  the  Forward  -Percent  Chord  Length 

ItarY,,^  '  i  n.  Hnud.111 


Figure  161  Moving-Bell  Foil 


POWER  REQUIREMENTS 


The  total  fluid  power  required  to  move  the  belt  at  surface  speed  Vb  is  the  sum  of  the 
part  due  to  external  friction  drag  plus  the  internal  belt-friction  drag.111  The  latter  is  estimated 
as  the  friction  force  on  the  exposed  area  levs  the  external  shearing  force  tending  to  autorotate 
the  moving  belt  The  total  belt  drive  power  is  expressed  as 


p  =  —  /)('  i V  -V  S  ♦  V  ID' _ oC  t  V  -V  )J  I  S 

'K  o  yb’  *blwb  o  b’  1 


(89| 


where  Db  is  the  belt  friction  drag  per  unit  area  The  coefficient  of  total  belt  dnve  power, 
based  on  the  exposed  belt  arva.  is 


figure  162a.  from  Bond111  shows  wind  tunnel  results  for  the  variation  of  total  belt  drag  Db 
versus  belt  speed  for  the  belt  17  5  inches  wide,  having  an  exposed  length  of  25  92  inches  The 
belt  friction-drag  coefficient  ( ‘tJ  (for  the  exposed-length  Reynolds  number  0.93  x  I06  <  Rb 
<  1 .6  X  1 0**  I,  is  defined  as 


D 

*Vb&b 
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and  is  plotted  in  f  igure  162b.  An  example  calculation  of  the  power-per-unit-area  is  presented 
by  B<vnd 1,1  for  the  belt  geometry  described  previously,  and  the  results  are  reproduced  in 
Figure  1 63.  The  numbers  apply  to  the  belt  moving  in  air.  for  which  p  =  0.00238  slug  ft*, 
and  with  C  f  ■  0.003  The  curves  arc  not  directly  applicable  to  a  moving  belt  in  water  but  arc 
included  here  because  they  show  that  a  minimum  of  total  belt  power  lies  near  the  condition 
of  autorotation  Note  that  the  autorotation  occurs  in  the  range  from  Vb/Vo  "*  0.24  to 
V.  V  0  27.  For  the  case  of  V  *  200  ft/sec.  the  power  coefficient  at  the  minimum 
condition  is  found  to  be  approximately  Cr((  "  0.1  l4(Vb  fV0r.  which  is  higher  than  the 
rotational  power  coefficients  of  0.022(u/V)'  and  0.08(u/Vl'  for  a  rotating  circular  cylinder 
and  a  rotating  foil,  respectively. 


DISCUSSION:  Although  a  moving- belt  system  is  shown  to  be  effective  for  boundary-layer* 
control  lift  augmentation,  the  mechanical  complexity,  and  foil  section  structural  problems 
would  be  acute.  I  or  a  large  span  belt  there  would  be  serious  problems  with  belt  “tracking” 
and  slipping  on  the  pulleys  Hie  power  requirements  appear  to  be  considerably  higher  than 
tor  either  the  rotating  cylinder  or  the  rotating  foil  devices.  This  is  because  of  the  large  surface 
area  of  a  belt,  compared  with  that  of  a  rotating  cylinder  moving  with  the  same  u  =  V^. 


BEIT  SPEEO  IF  T  SEC  I 


figure  Ib.l  Variation  of  Total-Hclt-Drag-per-Tnit- 
\rca  sersus  Surface  Speed 

t  ah  dialed  to  Bond*  *  *  (01  a  hell  in  an.  applaet  to  the  hell 
lunf^uuium  in  I  yurr  IM. 


NAME  Swimming  Plates. 

DESCRIPTION  AND  FORCE  ESTIMATES:  thrusting  swimming  propulsion  by  a  thin  platelike 
surface  immersed  in  water  can  be  accomplished,  for  example,  either  b>  propagating  a  transverse 
sinusoidal  wave  motion  down  the  length  of  a  thin  flexible  foil  or  b>  the  oscillators  pitching 
and  heaving  motions  of  a  rigid  plate.  While  many  kinds  of  swimming  or  flapping  motions  are 
commonly  observed  in  nature  for  propulsion  and  maneuvering  of  fishes,  cetaceans,  birds,  etc., 
there  are  no  known  practical  applications  ot  mechanical  swimming  plate  devices.  Nevertheless, 
there  exist  reliable  two-dimensional  theories  for  estimating  swimming  thrust  and  power,  and 
the  predicted  ideal  efficiencies  are  attractive  enough  that  these  types  of  force  producers  cannot 
be  entirely  ignored.  A  comprehensive  review  of  two-dimensional,  swimming-propulsion  theory 
is  presented,  for  example,  by  Wuli:  who  also  provides  an  extensive  reference  list 

Pie  present  outline  explains  briefly  how  the  results  of  the  linear  theories  can  be  used  to 
predict  the  performance  of  a  thrusting  lilting  surface,  for  transverse- force  production. 

FLEXIBLE  PLATE  SWIMMING 

A  schematic  of  a  two-dimensional,  waving  flexible  plate  aligned  with  the  free  stream  of 
speed  l  is  shown  in  I  igure  l»>4.  reproduced  from  Wu.11'  The  sinusoidal  wave  motion  of  the 
plate  has  a  phase  speed  c.  circulatory  frequency  uj.  and  dimensionless  wave  number  k  =  »l.  X. 
bused  on  halt-chord,  for  the  wave  contour  having  a  wave  length  X  passing  along  the  plate  of 
length  I  Pie  phase  speed  must  be  «.  >  l'  in  order  to  produce  a  positive  thrust.  Integration 
of  the  time-dependent  pressure  forces  over  the  length  of  the  plate  furnishes  estimates  of  the 
instantaneous  thrust  1.  lilt  l  kinetic  energy  left  in  the  wake  I  w  .  and  the  total  power  input 
P  TP  ♦  F  Pie  tune  average  over  the  period  i  r  '»  u!  gives  the  physically  interesting 
quantities  1 .  I  ,  and  P  The  time  averaged  lift  force  is  zero.  Then,  the  average  propulsion 
efficiency  for  producing  useful  thrust  is  defined  as 

tj  =  UT/P  (92) 


where  P  =  TP  ♦  Fm  . 

Fore*  EHirnttvi 

Several  cases  are  included  here  for  flexible  plate  thrust,  generated  by  different  traveling 
wave  contours  in  a  stream  of  constant  speed  If  A  thrust  coefficient  based  on  the  time- 
averaged  thrust  is  defined  as 
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Fluid  Pressure  Jumps. 

'rising  on  a  "aving  Flexible  Plate 

'loving  at  a  Speed  U  through  a  Fluid 

Ihr  rntrlinp  »*vc  rontnuf  «f*ccd  c  >  l  .  *u.*  1  ' 


whcrc  1  ■'  tht‘  P|a«e  length  Note  that  the  usual  definition  of  two-dimensional  thrust 
coefficient  would  be 
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»..M.-d  on  the  theory  developed  b>  Wu."4  f  igures  IbSa  and  W»5b  sliow  the  variation  of  the 
thrust  coefficient  Kj  plotted  versus  the  reduced  frequency  parameter 

u>(L/2)  1  c 

a  =  - - —  =  ir  —  -  /« 


lor  two  simple  wave  contours  Hi  esc  curves  apply  to  the  case  when  the  plate  length  contains 
>nc  wavelength,  i.e  k  *.  o  *  ~  figure  I h5a  shows  the  performance  of  a  constant 
amplitude  traveling  wave,  and  figure  I(i5b  is  lor  a  linearly  increasing  amplitude  wave  Sketchc 
of  the  chordwise  contours  are  included.  Hie  experimental  points  were  obtained  in  a  water 
tunnel  h\  kellv .  using  a  flexible  hydrofoil  actuated  by  seven  pairs  of  rods  which  govern  the 
chordwise  amplitude  profile  Hie  theoretical  result114  that  the  thrust  <  T  *  0.  as  o  *  k.  or  as 
c  1  .  is  rough  I  v  verified. 

Results  of  another  '  ■'sion  of  this  same  type  of  flexible  plate  propulsion  (Figure  l66al 
are  sliow n  in  f  igure  Ibbh.  reproduced  from  S/cless  n*  In  this  case  the  leading  edge  of  a 
flexible  plate  of  length  1  immersed  in  water  is  held  fixed  and  damped  The  fluid  is  streaming 
bs  with  velocity  l  At  a  distance  x^  measured  from  the  leading  edge,  the  plate  is  forced  to 
>»v.illate  transversely  by  a  force  f  jttl  with  frequency  to  live  resulting  propagating- wave 
motion  along  the  plate  produces  a  net  thrust  the  turves  in  figure  1 00 b  apply  to  a  10-foot 
long.  0  4  inch  thuk  steel  plate  in  water,  excited  at  x  I  =0  2^ 

O 

l  rflirtf  Surfsc* 

I  rom  the  linear  theory,  there  is  no  steady-state  lift  developed  by  an  undulating  flexible 
plate  having  a  tonferhne  aligned  with  the  free  stream,  however,  a  resultant  lift  force  can  be 
generated  bv  supposing  the  plate  has  a  drooped  stationary  position,  angle  of  attack  plus  cam¬ 
ber.  about  which  the  wave  motion  occurs.  1  igurr  Ib7  is  a  schematic  representation  of  this 
idea  The  resolution  of  the  actual  fluid  motion  past  a  drooped,  swimming  flexible  plate  into 
the  components  indicated  is  a  consequence  of  the  linear  theory.  The  thrust  component  of 
the  resultant  force  is  given  by  T  from  swimming  propulsion  throry,  and  the  time-averaged 
two-dimensional  lift  obtained  from  thin  airfoil  theory  is 


-0  0?  F  o o' 


OIMtMSIONAl  t  *  2t  t 


f  tjurr  I6<h  For  FktMf  PUlr.  Linr«rh  Inorravn*. 

AmpFitwtf  Vk»vr  ( ontour ,  Nnndimrmioiul  k  *  *  a  j  «  6  8  uT 


I  ijmrc  165  Viriifinm  of  Swimming  Thnisi  {  ocfficiorUk  K,  \er%ti\ 
RctltK'Ttl  Frequency  o 


I  Igurr  I  Mu 


forced  lUinonk  "j»r  Motion  on  a  I  Icvitilr  itjir  Propeller 
*116 


Z 

OJ 

G 


8 

yj 

t 

K 

I 


7 

I  0 

08 

06 

04 

0  7 


0  10 
008 
006 


004 


0  07^ 
0 


7  4  6  8  10 

REDUCED  FREQUENCY  o 


figure  166b  Variation  of  Swimming  IfiruM  Coefficient  C.j  irrun 
Reduced  fre^uenci  n  for  forced  I  (ululating  flexible  Plitr  of 
f  igurr  I  Mu 
.116 


Figure  I  Mi  Swimming  Flexible  Plate  Slinlicx 


'•'here  ju  x  flat-plate.  section-lift-curve  slope  *  '»  rad'1 
f  =  camber  displacement 
ao  *  angle  of  attack 


Hie  power  required  to  maintain  a  (oven  wave  contour,  sweeping  periodically  down  a 
flexible  plate,  has  also  been  determined  in  the  linear  theory  and  o  usually  presented  in  terms 
of  a  power  coefficient 
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(97) 


so  that  the  propulsion  efficiency  of  F quit  ion  (9^1  is  simi 


T 

*1  m  7T-  (98) 

r 

figures  1 68a  and  InSb  slum  the  theoretical  swimming-thnist  efficiency  r?  plotted  versus 
reduced  frequency  a.  corresponding  to  the  wave  profiles  of  Figures  lo5a  and  165b.  respectively. 
Figure  169  is  a  plot  of  efficiency  n  for  the  forced  flexible  plate  of  Figure  166. 

To  the  linear  theory  approximation,  the  same  ideal  input-power  estimates  apply  to  the 
configurations  of  Figure  167. 

nicio  et ATI  SWIMMING 

Swimming  thrust  »an  be  produced  b\  pitching  and  heaving  lateral  displacements  of  a 
rigid  plate  immersed  in  a  stream  of  speed  U.  Fhcse  motions  are  sketched  in  Figure  170 
•Vnalyscs  of  the  hydrodynamic  thrust  performance  produced  by  these  types  of  movements  are 
presented,  for  example,  by  Laghfhill117  and  by  Wu  "* 


C  onsider  first  some  results  from  the  work  of  lighthill11'  on  the  combined  pitching  and 
heaving  movements  described  by  the  equation  for  lateral  displacement 

yp(x.t)  *  |hn  -  kxx  -b)|  c'w,1  (-a  <  x  <  a)  (99) 
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figure  I6H  Traveling  Have  Propulsion 
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where  a  =  L/2  =  half  chord 

to  =  circular  frequency  of  the  oscillating  motion 
ho  =  heave  amplitude 
q  =  pitching-angle  amplitude 
x  *  b.  yp  a  0  =  pitching  axis 

Figure  171  shows  results  for  the  thrust  coefficient  and  thrust  efficiency  versus  u>L/U(  =  2<j). 
where  l  is  the  length  of  the  rigid  plate.  Hi  ere  are  contours  for  the  feathering  parameter 
0  =  Ua/uiha.  Different  positions  of  the  yaw  axis  depend  on  b.  In  this  case,  the  thrust  and 
power  coefficients  are 


T  F 

kT  «  - —  kp  =  -  (100) 

p(who)Ja  p(uho)3a 

so  that  tj  =  kT  /kp 

where  I  and  F  arc.  respectively,  the  two-dimensional,  time-averaged,  thrust-per-unit  span  and 
power-per-unit  span 

Wu1"  presents  some  results  for  the  hydrodynamic  thrust  and  propulsion  efficiency  for 
pure  heaving  and  pure  pitching  In  complex  form,  the  equation  of  nondimcnsional  lateral 
displacement  studied  by  Wu  is 

yr<x.t)  *  R  {„  ♦  ({,  ♦  i  » x]  c,wl  <|x|<  I)  (101) 

where  2  is  the  nondimcnsional  heave  amplitude,  and  \/t{  *  is  the  pitching  angle 
amplitude.  Time-averaged  thrust  and  power  are  given  in  terms  of  the  coefficients 

('<T)“-j - -  c(r)’T - -  <l0:) 

j  »pUJ(L/2)  ^irpLi,(L/2) 

so  that  ri  =  f  (T>/f  <ry  Wu1"  gives  formulas  for  calculating  the  and  C<p)  as  functions  of 
a  for  pure  heave  ({,  *  =0)  and  for  pure  pitching  ({n  “  “  0).  Figure  172  shows  curves 

of  the  ideal  efficiencies  (heave)  and  r}p( pitch)  plotted  versus  a.  Note  that  for  pure  pitching, 
there  is  a  certain  value  of  a  =  oo  a  1.781  below  which  ('<Ty  <  0. 

Wu"*  also  treats  the  important  problem  of  the  optimum  combination  of  pitching 
and  heaving  movements 
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figure  171  Thrust  Coefficient  k,  aiul  Efficiency  n.  Predicted  by 
Two-Dimensional  \irfoil  Theory 


l«w  0.  0.2.  0  4.  0.4.  and  0  H  of  a  feathering  parameter  0  •  I  d  cJti.  plotted  at  a  fuiubon  of  uX  l  .  which  a  2o, 
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Figure  172 


Variation  of  Separate  Ideal  Thnist  tfficicn  cics  r;^.  Heave  Only,  ami  7}^, 
Pilch  Only,  versus  n  for  Rigid -Plate  Propulsion 


ThruKinf  lifting  Sutitm 

Analogous  to  the  flexible  plate  case  described  earlier  (Figure  1 67),  the  resultant  force 
generated  h>  a  slightly  cambered  ngid  swimming  plate,  executing  pitching  and  heaving  motions 
about  jn  angle  of  attack  ao,  can  be  estimated  by  considering  the  decomposition  shown  in 
Figure  I  7.1  Ihe  thrust  component  I  can  be  estimated  using  the  references  cited  previously, 
and  the  steady-state  lift  l,  arises  only  from  the  angle  of  attack  c»o  and  the  camber  f,  see 
Equation  <‘>6> 

FUXIBLC  BOOV  SWIMMING 

It  is  possible  to  provide  a  propulsive  thrust  for  a  body  with  flexible  outer  skin  by  propa¬ 
gating  a  radial  wave  disturbance  down  the  length  of  the  hull  Tins  idea  has  been  proposed, 
given  the  name  "dermadrive,"  and  was  tested  in  a  towing  basin  experiment,  see  Alberts  and 
Jacquet  1|v*  The  thrust  capability  was  demonstrated,  just  barely,  for  low  forward  speeds.  To 
provide  lateral  forces  for  control,  a  nonradially  symmetric  waveform  would  have  to  be  used 
The  expense-  and  complexity  of  such  a  system  would  be  staggering  and  ot  doubtful  propulsion 
effectiveness. 

DISCUSSION  Although  it  appears  that  a  “swimming  lifting  surface”  (Figure  167  and  1731 
could  conceivably  function  as  indicated,  using  either  flexible  plates  or  rigid  foils,  there  are- 
several  important  disadvantages  Ihe  mechanical  complexify  and  the  structural,  noise,  and 
vibration  problems  would  be  severe,  considering  the  magnitude  of  control  forces  needed  and 
the  requirement  of  force  production  over  a  wide  speed  range  Since  for  flexible  plates,  the 
wave  speed  must  be  c  >  U  in  order  to  produce  thrust,  the  device  would  probably  be  mechan¬ 
ically  realizable  only  for  relatively  small  forward  velocities  l'  In  the  case-  of  heaving  and 
pitching,  the  high  ideal  efficiency  of  heaving  thrust  at  low  a  is  interesting  but  probably 
difficult  to  achieve  in  reality  because  the  pure  heaving  thrust  comes  only  from  leading-edge 
suction  which  could  mean  severe  nose  separation  problems,  sec  Wu  llR  Pitching  thrust  has 
generally  lower  ideal  efficiency,  which  falls  off  rapidly  to  zero  and  negative  values  for  small  o. 

It  should  be  noted  that  the  virtual  aspect  ratio  of  a  lifting  surface  using  swimming  thrust 
might  be  considerably  larger  than  the  physical  one  because  of  destructive  interference  of  the 
down  wash  velocities  produced  by  the  unsteady  motions. 
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Figure  17.1  Conceptual  Klo*  Decomposition.  Linearized,  for  Swimming.  Oscillating, 

Rigid  Plate  Lifting  f  oil 

I  and  I  j  art*  limravrrtfril  thru  it  and  lift .  rvtpriO«vl>.  the  latter  u  due  to  angftr  «»f  attack  and  camber  of  the 
mean  pcmtann  <«fU* 


SUMMARY  FOR  CHAPTER  1 


It  is  useful  to  have  some  sort  of  universal  quantitative  comparison  between  the  hydrody¬ 
namic  performance  of  the  various  types  of  lifting  devices  discussed  in  Chapter  1.  Throughout 
the  previous  subsections,  comparative  powered-lift  performance  is  discussed  in  terms  of  the 
augmentation  ratios 

AC,/AC„  for  blowing  concepts 
AC(/ACq  for  suction  concepts 
AC 'JA  j  for  moving  surface  devices. 

Hie  lift  increment-pcr-power  ratio  AC  /(  j,  is  useful  for  direct  comparison  of  the  similar 
powered  devices,  and  values  of  the  selected  devices  are  presented  in  1  ables  3  and  4  lor 
specified  lift  increments  AC 

Since  there  are  both  unpowered  and  power-augmented  devices,  it  is  convenient  to  use  the 
equivalent  hft-to-drag  ratio.  Tins  allows  for  inclusion  of  both  hydrodynamic  and  an  effective 
power-drag  penalties  The  following  definitions  arc  applicable  for  equivalent  drag  used  in  this 
report 


Blowing 

C  *  (wake  drag  ♦  jet  momentum  flux  +  ingestion  dragl  i|wc 
Suction 

C  =>  |  wake  drag  ♦  suction  quantity  x  pressure  drop  +  ingestion  dragl /q^c 


Rotating  (\linders.  Rotating  Foils  and  Flat's.  Moving  Belts 

r  /power  to  overcome  fluid  friction  torq 


Cd  =  ^wake  drag  ♦  ^2^5. 


free  stream  velocity 


")K‘ 


where  wake  drag  is  the  measured  momentum  deficit  drag  in  the  wake,  with  the  powered  device 
turned  on.  f  or  an  unpowered  device,  the  wake  drag  is  simply  the  section-profile  drag. 

Fxpcrimenial  data  for  16  different  lift-producing  concepts  have  been  analyzed  and  reduced 
to  the  common  form  of  values  of  equivalent  two-dimensional  hft-to-drag  corresponding 

to  values  of  section-lift  coefficient  C  Whenever  good  two-dimensional  data  arc  not  available, 
the  results  of  tests  with  a  fmite-aspcct-ratio  lifting  surface  are  extrapolated  to  AR  =  <*>  by  use 
of  the  estimating  formulas  discussed  in  the  various  subsections  of  Chapter  I  The  results  arc 
given  in  Figure  174.  Table  7  is  a  list  of  the  devices  represented  in  Figure  174.  induing  the 
principal  geometric  features  of  each  device  and  the  source  of  the  data. 


TABU  7  -  GEOMETRY  AND  REFERENCES  FOR  DATA  ABOUT 
CIRCULATORY  LIFT  DEVICES  PLOTTED  IN  FIGURE  174 


Item 

Geometry.  Test  Param  ters.  Comments 

Reference 

o 

NACA  66015  Foil 

Simple  Incidence  Lift 

0°  ^  a  ^  12°.  Smooth  Finish 

Abbot  and  Doenhoft6 

© 

Plain  Flapped 

NACA  23012  Foil 

cf/c  *  0  2.  Flap  Deflected 

Optimum  Amount  at  Each  C(. 

Abbot  and  Doenhoff*” 

© 

Slotted  Flapped 

NACA  23012  Foil 

C|/c  *  0  2566, 

0  <  6,  <  40" 

Abbot  and  Doenhoff5 

© 

Double  Slotted  Flapped 
Foil  with  Kruger  Slat 

NACA  64A210  Foil. 

C|/c  -  0.35.  6,  *  37.5°. 

Mavripln1  ^ 

©. 

Blown  T£  Flap 

RAE  102  Cambered  Foil, 
t/c  -  13%.  6r  »  20°, 
c,n/c-0  25.  C  *0.017. 

0  <Q  <  15° 

Lawford  and  Foster3'’ 

©b 

Same  Foil  as  4a. 

Q  •  0°.  6R  •  20'. 

0  017  0  047 

Lawford  and  Foster 32 

©. 

Jet  Flap 

Elliptical  Section  Shape, 
t/c  -  16%.  6j  -  90  . 
a  -  -0  15°.  cf/c  -  0. 

0  02  <.  Cp<  0  2 

Franklin  and  Bailey*1 
and  N  A.  Dimmock 
(1957) 

© 

Elliptical  Section  Shape, 
t/c -12.5%.  6j  •  31 .3°. 

Q  *  0°.  c(/c  *  0. 

0  0169<C  <3  19 

Equivalent  2D  Results  Extrapolated  from 
Finite  Aspect  Ratio  Data 

Williams  and 

48 

Alexander 

®. 

Circulation  Control 

Foil.  Tangential  Jet 
Blowing 

Rounded  Ellipse  Section  Shape, 
t/c  -  20%.  Uncambered. 

0-0° 

Englar  and  Williams 
(NSRDC  Tech  Note 

AL  200  1197111 

©b 

% 

Rounded  Ellipse,  t/c  -  20%, 
Uncambered.  G  *  5°. 

Englar  and  Williams 
(NSRDC  Tech  Note 

AL  200  (197111 

®t 

Rounded  Ellipse,  t/c  *  20%. 

Cambered  5%.  0-0° 

Williams  and  Howe 
(NSRDC  Tech  Note 

AL  1  76  (197011 

®d 

Rounded  Ellipse,  t/c  -  15%. 
Uncambered,  O  »  0° 

Englar  (NSRDC 

Tech  Note  AL  211  (197111 

TABLE  7  -  tonimued 


Item 

Geometry,  Test  Parameters,  Comments 

Reference 

<a 

Circulation  Control 

Foil.  Tangential  Jet 
Blowing 

50%  Thick  Ellipse,  Curve  Represents 
Maximum  Envelope,  Two  Slots  at 
x/c  “  0  886  and  0  985 

Englar  and  Williams 
(NSRDC  Tecti  Note 

AL  200  1197111 

© 

Blowing  St  ■  bill  zed 
Trapped  Vortex  Foil 

t/c  -  11%. 

-  15°.  6n  -  30°. 
c,H/c*  0  275.  c»n/c*  0  25, 

CMw  -  0  069.  C^  -  0  175 

Krall  and  Haight70 

© 

Span  wise  Blowing 

NACA  65A006  Section 
a  ■  (T\  6,  ■  40". 

Equivalent  2D  Results  Evpapolated  from 
Finite  Aspect  Ratio  Data 

Dixon77 

Slot  Suction  at 

Flap  Knee 

NACA  664A4?1  Section 
c,/c*0l68  6,  *  3C r. 

Cq  -0  0351,  Cjj  *  0  328, 

-6°  <  a  <  14° 

Ar  nold®® 

@ 

Trading  Edge  Slot 

Suction  Foil 

NACA  23015  Section 
a  *  5°, 

0  <  Cq  <  0  04  **  0  <  C^  <  0  143 

Hazen,  et  al.B1 

Thwaites  Flap 

. 

All  Porous  Cylinder,  d  •  3". 

Splitter  Plate  Angle  -  30", 

R/d  -0  167,  R#  *  4  23  x  104 

0  073  <  CQ  <  0  194 

Pankhurst  and 

Thwaites^ 

(7?)  Trailing  Edge 

Rotating  Cylinder 

Foil 

t/c  -18  2%.  d/c  -  0.136. 
a  *  0°,  0  374  <  u/V<  1  4, 

Knurled  Cylinder  Data. 

Power  Data  from  Test  Results. 

Equivalent  7D  Results  Extrapolated  from 
Finite  Aspect  Ratio  Data 

1 

Brooks103 

© 

Rotating  Cylinder 
at  Flap  Knee 

NACA  23018  Section 

a  »  9T.  6,  -  40", 

ct/c  -  0  4.  1  <  u/V  <5  5, 

Power  Data  Used  Here  Are  Taken  from 
Reference  108.  Probably  Too  Low 

Alvarez  Calderon 
and  Arnold100 

# 

T\ B L F  7  —  Continued 


Item 

Geometry.  Test  Pa'ameters.  Comments 

Reference 

^4)  Leading  Edge  Rotating 
Cylmdet  Foil 

t/c  -  20%,  a  *  W , 
d/c  *  0  2.  u/V  ■  0  and  3  2 
assumed  CF  *  0  007. 

Equivalent  2D  Results  Extrapolated  bom 
Finite  Ast>ect  Ratio  Data.  Only  2  Points 
Calculated  for  a  *  40 

WoW  and  Konmg’07 

Rot Jf-ng  F  l«() 

Airfoil 

NACA  23015  Section. 
c,/c-0  25.  d/c  -  0  1143. 

Dnven  Flap  at  uTV  *  4  0. 

-7°  <0  <  )b°.  Kp  H  -  0  08 

Equivalent  2D  Results  E xiiapolated  from 
Finite  Aspect  Ratio  Data 

Crabtree* 10 

(^S)  Isolated  Rotating 

Cylinder 

1  <  uTV  <  8. 

Assumed  Cr  -  0  0064 

Swanson4 

Although  I  igurc  1 74  docs  not  contain  .1  performance  curve  for  every  device  discussed  in 
Chapter  I.  it  docs  present  representative  performance  for  all  the  general  types.  These  curves 
mas  he  thought  of  as  illustrating  the  magnitude  of  useful  force  obtainable  divided  by  what 
must  be  paid  <drag  ♦  power!  plotted  versus  the  level  of  useful  force  achieved 

Some  general  remarks  should  be  made  abend  use  and  interpretation  of  the  curves  of 
Figure  I  '4 

1  Ilic  plot  for  each  device  may  not  necessarily  represent  the  optimum  operational  point  on 
the  (  -  (  j  curve  However.  whenever  possible  the  best  data  available  were  Uv 4  For  some 
devices  there  were  scry  lew  test  results  in  existence.  A  distinct  effort  was  made  to  pick  data 
that  showed  a  lilting  concept  at  the  highest  lift  and  reasonable  drag  Also,  tare  was  taken  to 
compare  various  devices  in  their  proper  regimes  of  angle  o(  attack  and  or  flap  angle,  e  g  .  BIC 
devices  for  large  a  and  &f.  and  Cl  concepts  for  a  small 

2  Although  a  comparison  of  the  two-dimensional  performance  of  the  various  devices  does 
put  them  on  a  more  or  less  equal  footing,  tile  numerical  values  of  usable  lift  coefficient  are 
tix>  high  by  a  factor  of  ~  4.  since  typical  control  surfaces  of  interest  have  aspect  ratios  near 
W  -  I. 

t  f>ne  is  tempted  to  concentrate  strictly  on  those  devices  with  a  high  equivalent  hft-to-drag 
ratio.  However,  as  is  pointed  out  in  the  Summary  and  Conclusions  portion  of  this  report 
•  I  able  2).  there  are  certain  concepts  that  feature  other  desirable  charac  teristics  that  may  or 
mav  not  be  mcasurcable  with  numbers  These  include  the  large  augmentation  effectiveness 


CHAPTER  2.  REACTION  DEVICES 


rhis  chapter  i'  concerned  with  propulsorx  that  derive  their  force! s)  from  reaction  to  an 
accelerated  stream  ol  water.  It  does  not  include  ail  types  of  propulsion  concepts,  however. 
Only  those  devices  jre  candidates  in  this  category  that  produce  lateral  forces  for  horizontal 
and  vertical  control  purposes  either  by  their  fixed  direction,  orientability ,  or  some  special 
geometry. 

Auxiliary  thrusters  and  jets  of  the  fixed-duct  and  trainable  variety  are  discussed  in 
Section  A  Many  tyj»cs  of  propeller-,  impeller-,  and  pump-driven  devices  are  included  Main 
propulsion  schemes,  capable  of  producing  lateral  forces,  are  discussed  in  Section  B 

SECTION  A  THRUSTERS  AND  JETS 

Hu-  fluid-reaction  devices  discussed  m  this  section  are  to  be  thought  of  as  strictly 
juxilur \  and  therefore  separate  from  the  main  propulser  The  two  subsections  are 
til  funnel  Thrusters  <  fixed  Ducts)  and  (2)  Directional  Thrusters 

Tunnel  Thrusters.  Fixed  Ducts 

All  of  the  devices  in  this  category  ire  characterized  by  a  housing  or  duct  having  a  fixed 
orientation  with  respect  to  the  main  hull 


NAME  Propeller  Driven  Lateral  Tunnel  Thruster. 


DEFINITION  AND  OPERATION:  The  ducted  lateral  thruster  is  b>  now  a  common  fixed- 
direction  auxiliary  force  producer,  used  extensively  on  surface  ships  for  slow -speed  maneuver¬ 
ing.  An  interesting  discussion  of  model  tests  and  full  scale  design  considerations  for  surface 
ship  applications  of  tunnel  thrusters  is  presented  by  Pehmon  130  This  type  of  device  has  also 
been  installed  on  the  submersible  Deep  Submergence  Research  Vehicle  (DSRVl  in  pairs  for 
vertical  and  horizontal  lateral  movement  at  both  fore  and  alt  positions.  Young  1:1  The 
thruster  consists  basically  of  a  tube,  usually  circular  in  cross  section,  that  runs  transversely 
through  the  hull  A  stream  of  water  is  induced  to  flow  through  the  tube  A  pro|x-Iler  (or 
propellers l  located  within  the  tube  provides  the  prime  thrusting  action  The  resultant  lateral 
thrust  on  the  hull  is  developed  from  the  effects  of  the  jctlike  flow. 

Several  different  propeller  schemes  for  lateral  tunnel  thrusters  are  shown  in  figure  175. 
reproduced  from  Hawkins  f  igure  17ft  shows  the  location  of  the  thruster  tubes  on  DSRV 

FOftCi  ESTIMATES 
Thfutl 

A  momentum  analysis  ol  the  How  produced  by  an  actuator  disk  within  a  lateral  thruster 
duct  has  been  performed  by  1  ngloh  *3’  figure  177  shows  the  geometry  and  notation,  for  a 
wall  sided  hull  section,  the  total  lateral  force  1  exerted  on  the  body  consists  ot  three  parts 
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left  side 
hull  force 


actuator  force 


right  side  1 
hull  force J 
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This  emphasizes  that  the  total  thrust  force  depend .  as  much  on  the  suction  force  exerted  by 
the  sinklike  flow  at  the  left  side  of  the  hull  as  it  docs  on  the  pressure  rise  across  the  actuator 
Therefore  the  shape  of  the  tube  walls  is  important  for  good  in  let- flow  behavior  This  problem 
is  discussed  by  1  nglish  1:4  Note  that  diffusion  of  the  flow  from  area  A,  to  A,  gives  a  theore¬ 
tical  improvement  of  the  total  force  However,  the  constant  area  or  straight-tube  geometry  is 
the  most  common  type 

'kith  V(  A(  *  V,  A,  the  total  lateral  force  of  fquation  (105)  is  also  expressed  as 


T  => 


PA, 


V. 


(lOftl 
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FIXED  OR  CONTROLLABLE  PITCH 
PROPELLERS 


CONTRA  ROTATING 
PROPELLERS 


VERTICAL  AXIS 
PROPELLER 


Ei»t»irr  I  "5  Some  Propeller  Omen  Tunnel  Thruster* 


Lint  fl  >1 
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TmruSTIW  TUNNELS  (AFT' 


TMRUSTtR  tunnels 
(FOPWAPDI 


1  *urr  I  'ft  lateral  Tunnel  Thruster*  on  Ihe  Deep-Submerpencr  Rescue  Vehicle 


which  permits  an  estimate  of  the  jet  velocity  required  to  produce  the  total  thrust  T 


V,  «  v/T/pA,'  (107) 

Hie  force  estimate  mentioned  previously  is  the  static  value,  i.e.,  zero  forward  vehicle 
speed  and  no  lateral  motion.  Unfortunately,  when  the  ship  is  underway,  the  resultant  side 
force  exerted  by  the  operation  of  the  thruster  is  seriously  degraded  Loss  of  both  body  force 
and  body  moment  is  due  to  interaction  of  the  thruster  jet  flow  and  the  mainstream.  Chislctt 
and  Bjorheden115  have  suggested  that  the  way  to  view  this  interaction  is  to  assume  that  the 
thruster  produces  the  same  thrust  at  all  forward  speeds.  Then  changes  in  the  body  side  force 
and  moment  arise  because  of  suction  forces  exerted  on  the  hull  when  the  deflected  thruster 
jet  is  bent  over  alongside  the  hull,  f  igure  178.  reproduced  from  Omlett  and  Bjorhcden,1* 
shows  the  jet  deflection  by  the  free  stream  at  various  speed  ranges  Figure  179  shows  how 
the  force  and  moment  coefficients  vary  with  the  s|x*ed  ratio  LJ^Vj  for  the  DSRV.126 
Feldman127  has  presented  a  detailed  description  of  the  performance  of  both  fore  and  aft 
located  thrusters  for  the  DSKY  body  with  pairs  of  thruster  tunnels  canted  at  45  to  the 
horizontal  (Scheme  A). 

Hawkins  ct  a!  122  gives  some  purely  empirical  estimates  of  bow  thruster  side  force,  based 
on  experimental  performance  Norrby12*  discusses  the  effectiveness  of  a  bow  thruster  for 
maneuvering  a  ship  underway 

I  aniguchi  et  al.li9  has  presented  perhaps  the  most  comprehensive  systematic  study  to 
«.late  on  the  thrust  performance  of  the  isolated  tunnel  thruster  by  considering  variations  of 
many  properties  of  the  propeller  and  tunnel  geometry  ITie  very  essential  problem  of  the 
longitudinal  location  of  the  tunnel  along  the  hull  is  as  yet  unexplored  in  a  definitive  experi¬ 
mental  program 

A  procedure  for  the  preliminary  design  of  the  tunnel  thrusters  on  DSRV  is  outlined  in  a 
report  by  Lockheed  Missiles  and  Space  Co."0 


The  tunnel  duct  openings  in  the  hull  are  a  source  of  increased  drag  For  a  carefully  faired 
opening.  Stunt/  and  Taylor"1  found  that  an  average  drag  coefficient  could  be  estimated  with 
Cp  *  0.07  where 


l>. 


duo 


TPAUi, 


1 108) 


I)  *  drag  added  by  duct  opening  of  cross  sectional  area  A 
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figurr  I 'Hi  High  Speed 
Ahead,  Small  Moment 


t  i|tutr  I'hj  Very  l  it*  Speed 
Ahead.  large  Moment 


figure  1'Hh  Intermediate  Speed 
Ahead.  Snull  Moment 


Jet  Deflections  at  Vers  Lou.  Intermediate,  and  High  Forward  Speed 

Oltdctt  and  Ht« irtK-itrn  ' 


Figure  179  Variation  of  B<h1>  Side-Force  and  Body  Moment  with  Velocity  Ratio  for  the 
Deep-Submergence  Revue  Vessel  with  a  Tunnel  Bow  Thruster 

ttotr  S  »  dad  (Til*  arittna  im.  N  ■  Mt  monmt.  i|  *  itanitmlu  dntam*  fn»m  dart  to  , enter  of  pnty, 


The  fairings  of  the  tunnel  lip  are  important  for  good  inlet  and  jet  outlet  characteristic* 
as  well  as  for  reasonable  drag  values.  Stunt*  and  Taylor.131  Taylor.132  and  Taniguchi  et  al.129 
have  discussed  the  problem  of  lip  fairings.  Beveridge126  has  provided  a  summary  of  some  of 
the  useful  results. 

POWER  REQUIREMENTS  THRUST  POWER  COEFFICIENTS 

The  ideal  power  required  to  deliver  the  total  body  thrust  1  for  the  tunnel  thruster  is 

f.-toV’v,  .-Uv,  .109. 


r  5  - "•  —  u  iui 

'  2>/7a; 

nie  actual  power  required  to  produce  the  thrust  I  is  not  accurately  predicted  by  this  estimate 
because  of  viscous  losses,  inlet  losses,  diffusion  losses  in  the  induced  jet  flow  downstream  of 
the  propeller  hub.  rotation  of  the  jet  flow,  and  propeller  losses. 

It  is  the  usual  practice  to  rate  a  static  thrusting  device  such  as  the  tunnel  thruster  by 
means  of  a  figure  of  merit  In  the  marine  thruster  field,  there  are  two  commonly  used  figures 
of  merit  which  ire  essentially  thrust -to- power  coeffisicnts  The  static  merit  coefficient  is 


l\VA 


and  the  Bcndemann  static  thrust  factor  is 


pi 


where  D  =  duct  diameter 

P  *  power  supplied  to  the  propeller  shaft 
T  =  total  thrust  on  body 
A  *  propeller  disk  area  (A,). 

Then,  for  convenient  comparison 

C  *  •J~l' f 3/2  (113) 
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For  an  ideal  unducted,  unshrouded  propeller,  the  ratio  A j / Aj  =  1/2,  so  that  the  theore¬ 
tically  maximum  attainable  values  are  C  =  s/~T  and  fnuv  =  I  0. 

For  tunnel-ducted  propellers  with  no  flow  diffusion  (A,  =  A)),  the  ideal  maximum  values 
are 


These  coefficients  are  very  useful  because  they  contain  the  essential  information  thrust 
delivered,  power  required,  actuator  area  about  the  performance  of  the  device.  Actual  values 
of  ('  determined  by  experiment  range  typically  from  1.5  to  0.55.  For  example,  a  value  of 
C  =  1.46  for  the  DSRV  bow  thruster  is  reported  by  Beveridge  1:6 

Note  that  the  definition  of  the  static  merit  coefficient  C  can  be  rewritten  to  give  the 
thrust-to-power  ratio  as  a  function  of  C,  and  the  powcr-to-arca-  ratio 


(i)  =  (±.r 

\P /  pi.'  \P/A / 


(115) 


Hawkins**1  has  presented  a  plot  of  T/P  versus  P/A  for  a  variety  of  auxiliary  force  producers, 
including  tunnel  thrusters  and  other  devices  discussed  in  other  subsections,  fliis  plot  is  repro¬ 
duced  in  Figure  180.  with  the  actual  data  points  shown  in  Figure  181. 


PNOrtucna 

A  detailed  description  of  the  correct  propeller  geometry  for  operation  in  tunnel  thruster 
ducts  is  beyond  the  scope  of  this  report.  It  should  be  noted,  however,  that  a  variety  of 
propeller  types  have  been  used  for  experiments  or  in  actual  installations.  Tamguchi  et  al  l‘<> 
presents  rather  complete  data  about  propeller  designs  that  are  capable  of  producing  C  values 
around  1.0.  Beveridge1^  gives  some  general  hints  and  observations.  ITie  articles,  for  example, 
by  Van  Manen154  and  by  Van  Mancn  and  Oostervcld1"  arc  useful  for  choosing  reasonable 
ducted  propeller  geometries.  Vertical  axis  propeller  tunnel  thrusters  arc  advertised  by 
American  Shipbuilding  Co. 1,6  and  Pacific  Car  and  Foundry157  and  are  discussed  by  English. ,:4 

DISCUSSION  At  its  present  level  of  development,  the  lateral  tunnel  thruster  is  severly 
limited  by  the  degradation  of  its  thrust  force  with  increasing  vehicle  forward  speed  Also,  the 
usual  fixed  tunnel  through  the  hull  represents  a  loss  of  considerable  internal  volurr.,..  and  large 
exit  holes  could  generate  undesirable  drag  and  noise  increase  at  high  speeds.  Nevertheless,  the 
maneuvering  possibilities  of  strong  lateral  thrusters  are  appealing  Thrust-augmentation  tech¬ 
niques  could  improve  the  thrust  performance,  and  closures  could  be  used  to  cover  the  holes. 
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Figure  181  Data  Points  for  Curses  of  Figure  180 
Hattkim  rl  al  *  ^ 


NAME:  Ejector  Lateral  Tunnel  Thruster 

DEFINITION  AND  OPERATION  An  ejector  Literal  thruster  is  similar  to  the  propeller-driven 
tunnel  thruster  described  previously.  However,  in  this  case,  the  primary  thruster  is  a  jet  of 
water  issued  out  of  a  nozzle  positioned  within  the  tunnel.  Hie  location  of  the  nozzle  and  the 
shape  of  the  tube  walls  are  such  that  the  primary  jet  induces  a  strong  secondary  flow  at  the 
inlet  side  of  the  nozzle  by  the  viscous  and  turbulent  entrainment  of  the  surrounding  fluid. 

The  resulting  jet  flow  gives  an  augmented  thrust  over  the  original  jet-reaction  thrust.  Hence 
the  device  resembles  a  jet  pump  operating  against  a  zero  head. 

Several  possible  arrangements  for  ejector  tunnel  thrusters  are  shown  in  the  sketches  of 
Figures  182  and  181.  reproduced  from  Witte11*  and  from  Van  Mancn  et  al.|  ,g 

FORCE  AND  KJWER  ESTIMATES 
PUm  NoiiIm 

A  simple,  plain  nozzle  system  is  described  by  Witte1  ,h  as  a  base  level  of  performance  to 
which  an  ciector-augmentation  system  can  be  compared.  The  geometry  and  notation  are 
shown  in  Figure  184.  Hie  pressure  drops  across  the  tube  and  in  the  nozzle,  respectively,  are 
given  by 

Ap(={(4pV(j  him 

Apn  -  (a1  -  l)»l  ♦  {„)  \  p\2  (117) 

where  oR  A,  An  and  are  the  loss  coefficients  for  the  nozzle  and  tube,  respectively. 

The  total  pressure  across  the  pump  is 

Pft  •  AHp  =  Ap,  ♦  Apn  ♦  4  p\2 

and  so  the  pump  power  is 

Pr  =  pg(AHp  )Q 

where  Q  *  flow  rate  =  V  A  .  The  thrust  delivered  by  the  simple  nozzle  is 

T  *  pQV,  (120) 

where  =  V(  aR 

Tlie  static  merit  coefficient  is  defined  as  usual  by 


(118) 


(119) 
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Figure  185  shows  a  plot  of  C  versus  aR  tor  the  plain-jetting  nozzle,  for  various  tube-loss 
coefficients  and  the  nozzle-loss  coefficient  {n  *  0  Witte 1,8  shows  that  the  locus  of  maxi¬ 
mum  C  values  is  given  by 


and  this  line  is  also  shown  in  Figure  185 

The  highest  maximum  values  of  static  merit  coefficient  ('  can  be  obtained  when 
c*R  <  1.0.  Of  course  oR  -  1  is  a  straight  duct,  the  most  favored  tunnel  thruster  because  of  its 
simple  construction.  Values  of  aR  <  I  represent  diffusing  flow 

Witte1'*  shows  how  the  specific  speed  of  the  driving  pump  is  related  to  the  area  ratio 
c*R  *  A,  An.  He  points  out  that  in  the  range  aR  <  I.  axial  (low  pumps  are  appropriate 
because  of  the  high  specific  speed  required  This  is  the  familiar  propeller-in-tunncl  thruster 
discussed  earlier,  and  it  is  seen  that  this  type  of  thruster,  interpreted  as  a  nozzle,  has  an 
inherently  high  level  of  thrust -to-power  performance.  For  the  range  oR  >  1.  converging  flow  , 
radial  or  mixed-flow  pumps  should  be  used  As  a  plain  nozzle,  however,  the  converging  jet 
has  an  inherently  poorer  thrust-to-power  performance  than  the  straight  or  diffusing  nozzle 

Xyfmntttion 

Tlie  ejector-augmentation  principle  can  be  used  to  improve  the  overall  performance  of  a 
converging  jet.  This  is  appealing  because  the  low  specific  speed  pumps  appropriate  to  the 
oR  >  I  nozzles  arc  cheaper  and  require  levs  space  than  typical  high  specific  speed  pumps.158 

Figure  18b  shows  an  ejector  tunnel-thruster  geometry  analyzed  by  Witte  A  converging 
nozzle  of  area  A,  to  AB(with  oR  >  1 )  is  placed  within  a  straight  mixing  chamber  of  area  A,, 
which  is  long  enough  to  permit  complete  mixing  A  diffusing  length  may  also  be  used  which 
brings  the  ultimate  tunnel  exit  area  to  A4  In  Figure  187.  the  final  thrust-to-power  jserfor- 
manec  curves  of  the  ejector  tunnel  thruster  at  optimum  configuration  are  plotted  as  graphs  of 
static  merit  coefficient  (  versus  a  .  The  parameters  0  and  t  ,  are  defined  as 

0  *  A,  /A, 


^•W/ipV/A, 


(1231 


where  Vj  a  the  average  velocity  in  Aj  at  the  end  of  the  mixed  section,  and  W  =  total  friction- 
loss  force  in  the  ejector  system  Details  concerning  the  ejector-flow  analysis  and  results  of 
experimental  determination  of  the  loss  factor  can  be  found  in  Witte.1'" 

One  of  the  important  results  found  by  Witte  is  that  the  performance  of  an  ejector  tunnel 
thruster,  based  on  the  figure  of  merit  coefficient  is  somewhere  between  that  of  a  conven¬ 
tional.  screw-propeller-driven  tunnel  thruster  and  a  plain,  convcrgent-nouie  system  driven  by 
radial  pumps. 

Work  about  optimizing  general  ejector  design  is  presented  by  Payne,61  along  with  an 
extensive  bibliography  and  historical  review  of  the  subject. 


NAME:  Epctor  Lateral  Tunnel  Thruster  with  Jet  Flap  Diffusion 

DEFINITION  AND  OPERATION:  How  diffusion  at  the  outlet  end  of  any  type  of  tunnel 
thruster  can  improve  its  thrust  performance  considerably;  see  Fnglishl2J  or  Beveridge.126 

A  possible  alternative  to  a  rigid-wall  tunnel  diffuser  is  an  angled-jet  sheet,  or  “jet-flap 
diffuser."  This  has  been  suggested  as  an  attractive  means  of  boosting  the  static  and  low-speed 
performance  of  ducted  fans  or  ejector  augmentors  for  V/STOl.  aircraft;  sec  Morel  and 
lassaman  6'  Its  use  on  a  lateral  tunnel  thruster  would  be  a  novel  application  of  the  concept. 
The  principle  of  jet-flap  diffusion  is  mentioned  earlier  in  this  work  in  connection  with  the 
jet-flap  diffuser  augmentor  wing,  see  Figure  73. 

For  the  tunnel  thruster,  the  angled-jet  sheet  would  be  issued  circumferentially  out  of  a 
slot  around  the  tunnel  exit  This  peripheral  jet  would  induce  the  uniform  tunnel  flow  to 
expand  to  a  wider  uniform  cylindrical  How.  thus  achieving  the  desired  pressure  recovery  .  The 
diffuser  shape  could  be  tailored  by  modulating  the  slot-jet  momentum  and  slot-jet  angle. 

The  presence  of  the  vertical  walls  at  the  exit  of  a  tunnel  thruster  is  known  to  create  a 
problem.  If  any  part  of  the  tunnel  exit  How  clings  to  the  hull  surface  instead  of  peeling  off 
and  joining  the  ultimate  jet  flow,  the  momentum  thrust  of  that  portion  will  be  at  a  90°  angle  to 
the  intended  thrust  direction.  This  diverted  flow  will  reduce  the  thruster  effectiveness.  Small 
steps  inside  the  tunnel  can  improve  the  flow  separation,  see  Stunt/  1,1  With  the  jet-flap 
dilTuser.  it  is  probably  necessary  to  extend  the  lips  of  the  nozzle  out  from  the  hull  to  allow 
for  a  clean  separation  and  definition  of  the  final  exhaust  jet  boundary 

Possible  configurations  of  the  concept  are  shown  in  Figure  1X8 

FORCE  AMO  POWER  ESTIMATES 

As  with  any  tunnel  thruster,  the  effectiveness  is  degraded  by  forward  speed  of  the  hull 
The  present  estimates  apply  only  to  the  speed  range  0<  U,,,,  \'j  <  0.2,  where  Vj  is  the  final 
expanded-jel  velocity  exhausted  hy  the  thruster  Beyond  this  speed,  the  interaction  of  the 
bent  over  jet  and  the  hull  cannot  be  ignored,  and  the  general  performance  will  fall  off 
significantly. 

The  estimates  included  here  are  taken  directly  from  an  article  by  Morel  and  Lassaman.65 
Hie  results  reported  in  that  paper  actually  pertain  to  the  ideal  static  thrust  of  jet-flap  diffusers 
on  both  ducted  propellers  and  ejector  augmentors  However,  it  is  assumed  that  these  results 
give  relative  thrust  values  that  apply  to  tunnel  thrusters  as  well  Also,  only  the  estimate  for 
the  ejector  system  is  included  herein. 

Figure  l8*Jc  shows  the  geometry  and  notation  for  an  axisymmetnc  ejector  system  with 
diffusion  by  an  angled  jet  sheet  Consider  separately  the  thrust  of  the  components  of  this 
system  For  the  simple  free  nozzle  (Figure  189a).  the  idealized  thrust  and  power  arc 
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Figure  I  HR  Possible  Thruster  Systems  Augmented  by  Jet-Flap  Diffusion 

I4m  pmitoard  by  Ml  Wim 


T,  -PS,V,J 


(124) 


p,  -}pS,Vf  <I25> 

where  S(  =  exit  area  of  the  jet.  and  V,  =  uniform  jet-exit  velocity  For  an  ejector  (Figure 
189b),  the  thrust  and  power  are 


Tj  -  pwt’vj 


P2 


<  1 26i 

(127) 


where  p  »  static  pressure  of  the  fluid  at  the  location  of  the  prime  jet  exit  where  there  is  a 
uniform  induced  velocity  V  ,  po  =  static  pressure  of  the  surrounding  fluid,  so  that  <pt  -  po) 
=  -  4  pV*  It  can  be  shown  (McCormick3  )  that 


tt  =  s/2e  -  <* 3  ♦  4 <*  -  f<  1  -  2e > 
V 


(1281 


where  e  ■  augmentor  area  ratio  =  waJ/wV* 

Finally,  for  the  ejector  using  the  jet-flap  diffusion  (Figure  189c).  the  idealized  thrust  and 
power  arc 

T,  *  p*RJ  V/  +  2»ps8VJ  (129) 
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pwa2  V3 
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pi  2»f  s)  Vf3 


(130) 


where  K  =  ultimate  radius  of  the  cylindrical  jet 
V;  *  ultimate  uniform  jet  velocity 

V  =  fluid  velocity  of  the  jet  sheet  issued  out  of  the  slot  of  width  s  and  perimeter 
length  2tfi. 

The  details  can  be  found  in  Morel  and  lassaman6'  or  Morel.140 

An  example  of  the  expected  thrust  improvement  is  given  in  Figure  1 90.  where  the 
following  definitions  are  needed 
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Figure  1 90  Thrust  Comparison  of  an  Ejector  with  Jet-Flap  Diffusion  with 
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external  jet  momentum 
coefficient 


=  ejector  parameter 

■  external  jet  ratio  (for 
asixymmctric  case*. 

It  is  seen  that  for  jn  augmentor  with  t  =  1  40.  and  a  jet-sheet  angle  of  a  =  45°,  an  ideal  thrust 
augmentation  of  2.4  over  the  primary  jet  thrust  is  obtained  11ns  occurs  at  a  maximum  in  the 
curve  at  C,  **  0.4, 

A  jet-flap  diffuser  at  the  outlet  of  a  solid  wall  diffuser  could  be  designed  to  reach  even 
better  thruster  performance 

Experimental  data  generally  supporting  the  improved  performance  of  a  jet-flapped 
ejector  are  presented  by  Alperin  and  Marlotte  141 

DISCUSSION  It  may  be  possible  to  reduce  the  deleterious  effects  of  forward  vehicle  speed, 
a  cross  flow  at  the  thruster  exit,  with  a  jet-flap  diffuser.  By  using  controllable  jet-flap  angles 
and  variable  jet-momentum  (lux.  the  resultant  exhaust  stream  of  a  tunnel  thruster  could 
possibly  be  directed  as  desired  in  order  to  maintain  high  side  thrust.  Tor  application  to 
submarines,  the  same  disadvantages  listed  earlier  for  ordinary  tunnel  thrusters  apply  here  as 
well  too  much  space,  increased  drag,  and  noise  at  high  speeds  llic  improved  performance  of 
an  augmented  thruster  may  permit  a  smaller  si/e  device  to  deliver  the  same  lateral  force 
However,  it  appears  that  any  use  of  a  lateral  tunnel  thruster  will  he  restricted  to  specialized 
vehicles  that  must  have  good  maneuvering  at  very  slow  speeds. 


2wfj  sCV2 

X  —  ■—  1  - 

p  a  a*  V  2 
e  *  a2/?2 


t  4 


NAME:  Impeller -in -Wing. 

DEFINITION  AND  OPERATION:  The  impcller-in-wing  configuration,  or  I'an-in-wing,  is  another 
type  of  force  producer  concept  being  explored  for  use  on  V/STOL  aircraft.  It  consists  of  a 
propeller  submerged  in  the  plane  of  a  lilting  surface.  For  example,  see  Figure  191.  The  lift 
on  the  wing  and  impeller  combination  is  composed  of  direct  propeller  thrust,  aerodynamic 
lift  on  the  wing,  and  induced  lilt  caused  by  the  interaction  of  the  impeller  discharge  with  the 
free  stream. 

The  action  of  the  propeller  produces  a  circular  jet  directed  at  an  angle  to  the  frec-stream 
direction.  This  jet  is  turned  eventually  in  the  downstream  direction,  and  the  resulting 
asymmetric  flow  pattern  gives  rise  to  an  increased  lift  due  to  induced  circulation  about  the 
wing,  f  igure  1 92  shows  a  schematic  of  the  resultant  wing  and  impeller  flow.  Goldsmith  and 
Hickey14’  have  presented  a  simplified  theory  to  describe  the  various  aspects  of  the  interference 
between  wing  and  impeller.  In  their  interpretation,  the  part  of  the  wing  area  upstream  of  the 
duct  opening  (area  S,  of  Figure  1 92)  experiences  an  increase  in  lift  that  can  be  estimated  by 
an  idealized  jet-flap  analysis.  The  appropriate  momentum  coefficient  C '  in  this  case  depends 
on  the  propeller  thrust  T  lie..  ( '  *  I  S(  ).  The  jet  exit  angle  depends  on  the  angle  0 
(Figure  192)  which  can  be  controlled  by  exit  louvers. 

Unfortunately,  there  is  no  firm  theoretical  basis  for  predicting  the  lift  on  that  part  of  the 
wing  area  S,  aft  of  the  propeller  duct  wheic  the  flow  is  separated  over  the  lower  surface. 

Also,  the  complex  interrelationships  between  wing  planform  geometry,  the  number  of  fans, 
fan  location,  and  fan-area  ratio  arc  not  predicted  well  by  existing  theories.  Hickey  and  Cook14’ 
discuss  the  simple  theoretical  estimates  as  they  are  presently  developed. 

A  large  amount  of  experimental  data  on  the  aerodynamics  of  fan-in-body  and  jct-in-wing 
arrangements  is  discussed  by  Williams.144 

LIFT  A  NO  DRAG  FORCE  ESTIMATES 

Extensive  wind  tunnel  testing  of  different  fan-in-wing  arrangements  provides  a  basis  for 
estimating  the  forces.  For  example,  Hickey  and  Cook  have  presented  a  summary  of  data 
from  several  test  series.  Some  of  these  results  have  been  reproduced  to  illustrate  the 
important  trends. 

The  table  of  Figure  193  gives  the  geometrical  variations  considered  In  the  plot  of 
Figure  1 93.  the  variation  is  shown  of  L  T,  versus  the  speed  ratio  V/V  .  where  L  =  total  lift 
of  the  wing-fan  combination.  Tt  =  fan  thrust  when  V  =  0.  V  =  free  stream  velocity,  V(  = 
velocity  of  the  fan  exhaust,  a  ■  wing  angle  of  attack,  and  0  -  exit  louver  angle  measured 
from  the  vertical. 

The  lift  increment  exerted  on  the  wing  and  fan  combination  due  to  the  fan  operation  is 
denoted  AL,.  Plots  of  AL(/Tt  are  given  in  Figures  1 94  and  1 95  to  point  out.  respectively. 
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Figure  1 92  Definition  of  Flow  Field  ind 
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the  influence  of  different  fan  arrangements  and  the  effect  of  fan-to-wmg  ratio  f  igure  I 96 
shows  the  effect  of  fan  chordwisc  position  on  ( A  L(/Tt><  A,/Si,  that  is,  with  the  area-ratio 
influence  removed. 

From  these  test  data  and  from  simple  theory,  some  general  statements  can  he  made  about 
induced  lift,  see  Mickey  and  Cook.14’  Holding  other  variables  constant,  the  AL./T(  is  inversely 
proportional  to  the  fan  area  ratio  A,/S.  Induced  lift  increases  as  fans  are  moved  aft  along  the 
chord  because  of  a  better  jet-flap  effect.  Distributing  several  small  fans  spanwise  improves  the 
induced  lift  over  a  single  Ian  of  the  same  area,  located  near  the  wing  root  Maximum  induced 
lift  would  likely  be  achieved  by  distributing  fans  spanwise  at  the  wing  trailing  edge,  see 
figure  1 94. 

Hickey  and  I  His14'  have  presented  a  very  detailed  set  of  tests  on  one  particular  lan-in- 
wing  configuration  shown  in  figure  |9X.  for  zero  forward  speed,  static  case,  it  was  found 
that  the  thrust  coefficient  <kj  =  T /pn;  I)4  I  on  the  propeller  alone  was  kj  =  0.3.  and  on  the 
propcller-in-wing  configuration,  it  seas  k,  =  0  5 

Then  for  nonzero  forward  speed,  the  curves  in  f  igure  1 99a  show  the  influence  of 
propeller  loading  I  upon  the  lift  increase  AC,  Mere,  the  definition  of  lift 

increment  is 

AC,  *  C  ,(n)  -  C,  in  =■  0)  (131 1 

where  n  a  propeller  revolutions  per  second. 

These  curses  illustrate  that  the  lilt  of  the  wing  and  tan  combination  is  about  2.5  times  the 
thrust  of  the  fan  for  the  configuration  of  figure  |9x 

Incremental  drag  due  to  fan  operation  is  shown  in  figure  197  for  several  fan  arrangements 
of  figure  196.  and  in  figure  199b  for  the  configuration  of  figure  19g  tested  by  Mickey  and 
Fill*.145 


eO*»f  RING  ESTIMATt 

As  an  example  of  the  power  requirements  of  a  typical  fan-in-wing  arrangement,  the  data 
of  Mickey  and  I  Ills14'  are  useful,  for  the  static  case  (V  =  Ol.  the  static  power  coefficient  is 

found  to  be  k  =  0.59.  where  k  =  P  pn’l)' 

r  r  _ _ 

Now  the  static  merit  coefficient  ('  =  T  '  :  I’vpA,  can  be  rewritten  in  terms  of  the 
propeller  coefficients 


( 


( I  3  2 1 
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So,  lor  this  wing  and  fan  arrangement,  with  kT  =  0,5,  the  static  thrust-to-power  performance 
is 


c  =  0.67: 


0  53) 


which  is  relatively  poor,  compared  with  ducted  propellers  and  the  better  tunnel  thrusters. 
McCormick5  makes  a  comparison  between  the  fan-in-wing  and  the  tilt-w:ng  concepts.  On  the 
basis  of  lift-to-static  lift,  the  fan-in-wing  arrangement  is  poorer. 

DISCUSSION.  For  application  to  submarine  control,  the  candidate  control  surface  for 
impclkr-m-wing  arrangements  might  be  the  horizontal  stern  planes  and  the  sail  planes. 
Although  the  thrust-to-power  performance  would  be  poorer  than  for  tilt-wing  designs,  the 
impeller-in-wing  would  have  the  advantage  of  being  slightly  less  vulnerable  to  damage  since 
the  propeller,  typically,  is  imbedded  within  the  wing  planform  Noise  would  be  a  problem,  as 
would  the  Complication  of  shafting,  gears,  and  linkages  needed  to  drive  and  control  the 
propeller. 
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figure  197  Effect  of  Span  wive  Fan 
Distribution  on  Drag  Due  to  Fan 
Operation 
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l  iKurr  198  \n  Experimental  Fan-m-VXing  Configuration 
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Figure  I 99  Incremental  Lift  and  l>rag  Coefficients  versus  Propeller 
Loading,  for  the  Fan-in-Wing  Scheme  of  Figure  198 
c,  ■  MI  a  S.  cr  ■  T/e  S.  C„  •  *m/*  s.  S  *  rout  *ta» 
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Directional  Thrusters 


The  devices  discussed  in  this  subsection  arc  auxiliary  propulsors  which  are  intended  for 
steerable  operation.  These  are  distinguished  from  the  main  propulsors  in  that  their  function 
would  be  strictly  for  producing  maneuvering  forces. 

NAME:  Directional  Propeller  Devices. 

DEFINITION  AND  OPERATION:  A  directional  propeller  is  referred  to  here  as  a  small  trainable 
thruster,  mounted,  for  example,  on  a  fixed  or  retractable  rotatable  strut  or  on  swivels  at  the 
tips  of  a  lifting  surface.  The  thrust  line  can  be  dirccled  as  desired  by  angle  changes. 

lhese  types  of  devices  have  seen  more  extensive  application  on  aircraft  than  in  the 
marine  field.  In  the  particular  case  of  V/STOL  aircraft,  there  is  an  ama/.ing  and  bewildering 
variety  of  proposed  configurations.  For  example.  Figure  200  shows  a  picture  outline  of 
VTOl  arrangements,  many  of  which  employ  free  or  ducted  propellers  that  swivel,  tilt,  or 
rotate.  An  overview  of  the  aerodynamics  problems  involved  with  these  aircraft  is  presented 
by  Poisson-Quinton.146  A  deeper  treatment  of  some  of  the  special  problems  of  the  propeller- 
driven  types  of  V'STOL  is  given  by  Stcpnicwski  14^  The  McCormick  textbook'’  also  presents 
a  quantitative  discussion  of  the  aerodynamic  aspects  of  V/STOL  aircraft. 

For  marine  vehicles,  trainable  propellers  have  been  used  for  low  speed  maneuvering  of 
deep-diving  submet sibles  such  as  the  ALVIN  (Mavor  et  al  148  I.  for  the  close-quarters  control  of 
surface  ships  in  harbors,  or  for  dynamic  positioning  of  ships  in  a  seaway;  see  Dewhurst149  and 
Graham  et  al  1,0  Two  arrangements  of  shipboard  trainable  propeller  thrusters  arc  pictured  in 
Figure  201. 

A  brief  review  of  marine  propeller  propulsors  is  presented  by  Thurston  and  Amslcr1'1 
with  emphasis  on  uncommon  ducted  propellers. 

rati  pnopfiLtns 

TVaP  and  Pn«»«i  Iftiran 

Some  crude  estimates  of  propeller  performance  arc  provided  by  the  momentum  theory 
and  an  actuator-disk  model  of  propeller  operation  For  example,  von  Mises,SJ  has  presented 
an  elegant  outline  of  the  elementary  theory.  Quick  estimates  can  be  made  of  the  ideal  limits 
and  for  simple  relationships  between  thrust,  power  required,  sue.  and  speed  of  advance. 

The  connection  between  thrust  and  ideal  power  is  given  by  the  ideal  efficiency  of  a 
propeller  with  diameter  I) 
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Figure  200  Vertical  Takeoff  anil  landing  Moqtholog) 
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where  CT  a  T /  —  p  Vj,  A0  =  thrust-loading  coefTicicnt 

C'r  =  PJ  p  VjJ,  A0  =  ideal  power-loading  coefficient 

Au  =  »  D*  /4  =  disc  area 
J  =  advance  ratio  V^/nD. 

The  propeller  frequency  is  n  =  oj/2w  revolutions  per  second  If  the  rotational  velocity  of  the 
slipstream  is  included,  an  approximation  to  the  ideal  efficiency  is15* 


n, 


♦  <1 


The  ideal  power-loading  coefficient  in  terms  of  C’T  and  J  is 


C. 


+  I)  + 


■J1? 


7<v^ 


♦  I  -  I) 


(1 35) 


l!  36) 


which  includes  the  rotation  of  the  slipstream. 

Now.  for  thrusters  used  for  maneuvering,  it  is  interesting  to  consider  the  ideal  Irce- 
propeller  performance  at  and  near  static  conditions  V,,,,  =  0.  When  the  slipstream  rotation  is 
ignored,  and  at  =>  0.  the  induced-velocity  u,  and  ideal  power  arc 


(137) 


(138, 


for  the  static  or  bollard  thrust  Tq  . 

Note  that  this  would  give  the  ideal  static  merit  coefficient  C(  =  T 5/5  /P(  yjp\ 0  =  y/~2  .  sec 
Equation  (111) 

If  the  power  absorbed  by  the  propeller  is  kept  constant  for  speeds  ranging  from  V,,,,  =  0 
to  some  non/cro  value,  the  resulting  thrust  delivered  can  be  determined  by  equating  the 
exprev«ions  for  power  at  static  and  ahead  conditions.  McCormick5  gives  a  curve,  reproduced 
in  f  igure  202,  for  the  decreasing  available  thrust  for  the  same  diameter  propeller  as  the  for¬ 
ward  speed  is  increased  This  approximation  ignores  the  slipstream  rotation 

Unfortunately  the  ideal  estimates  of  power  are  poor  and  should  be  viewed  only  as  an 
indicator  of  the  limiting  level  of  performance. 
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Kifturr  202  Variation  of  Available  Thrust  with  Forward 
Speed  a  I  Constant  Power 

Hnull  from  Htm mlirv.  »i  lujlo*  Jitk  lht»r>.  Mrfnrmni.^ 


While  the  simple  momentum  theory  provides  crude  estimates  of  the  overall  relationships 
between  thrust,  power,  and  gross  size,  it  docs  not  give  information  about  the  connection 
between  propeller  geometry  and  thrust  and  torque.  It  does  not  provide  details  of  the  induced- 
velocity  field.  Many  of  these  important  detailed  features  are  determined  from  a  lifting-line 
theory  as  presented,  for  example,  by  Betz,153  Goldstein, 154  and  Lerbs155  and  then  exploited 
for  design,  for  example,  by  Eckhardt  and  Morgan  1,6  The  classical  vortex-system  representa¬ 
tion  has  also  been  explored  by  Mough  and  Ordway,157  and  the  results  are  identified  with  the 
infinite-blade-number  or  actuator-disk  solution 

Lilting-surface  theory  permits  even  greater  detailed  investigations.  In  particular,  the 
chordwixe  distribution  of  lift  for  the  typical  wide  blade  marine  propeller  can  be  determined 
For  example,  the  papers  of  hen.1*8  kerwin  and  Leopold,159  C'heng.160  and  of  Morgan  et  al.lfcl 
pertain  to  the  formulation  and  application  of  lifting-surface  theory. 

The  historical  development  of  propeller  theory  and  its  role  in  design  is  reviewed  in  two 
interesting  papers  by  Cox  and  Morgan l6J  and  by  Oosterveld  and  Oossanen.163  Both  these 
works  give  extensive  reference  lists. 

A  practical  way  of  estimating  propeller  size,  geometry,  and  power  is  to  use  the  cross- 
plotted  results  of  methodical  senes  expenments.  For  example,  the  most  extensive  series  has 
been  earned  out  by  the  Netherlands  Ship  Model  Basin  at  Wagcningen.  The  results  are  pre¬ 
sented  by  boost.164  Of  these,  the  so-called  B-scries  is  often  used  as  a  reference  for  gm>d 
standard  performance.  See  also  van  Lammeren  and  van  Mancn  165  Figure  203  shows  a 
sketch  of  the  four-bladed.  B  4  Senes  and  the  Bp  -  6  diagram  for  the  B  4-55  senes  propellers 
four  blades  with  expanded-arca  ratio  =  0.55.  The  dimensional  Taylor  coefficients  Br  and  A 
are  defined  as  follows 


Bp  =  power  coefficient 


NP^J 

v  i/i 

’a 


A  =  diameter  coefficient 


<  13‘)l 


where  N  =  revolutions  minute 

Pp  =  delivered  horsepower  at  the  propeller 
V’a  =  *P**d  of  advance  in  knots 
I)  =  propeller  diameter  in  feet. 

Familiar  nondimcnsional  thnrst,  power,  and  torque  coefficients  are  defined 


Figure  203  Sample  Characteristics  of  a  B4  Series  Propeller  (iVageningcn  i 


Kr  -  Jlpn2  D4  =  »JjCt/8 
Kp  =  P/pnJD5  =  *i2  C'p/8 

Kg  =  Qp/pn2  D5  (140) 

Power  P  and  propeller  torque  are  related  by  P  =  2»nQp.  so  that 

Kp  =*  2*  Kg  ( 141 ) 

> 

and  propeller  efficiency  is 


The  characteristics  of  the  B  4-55  propeller  are  presented  in  the  form  of  the  ditnension- 
alcss  Kt  -  K(>  -  J  diagram  in  Figure  204. 

Other  useful  propeller  series  have  been  presented  by  Gawn166  and  by  l.indgren  and 
Bjarne.16  One  of  the  right-angle  thrusters  discussed  by  l>ewhu^st.14,  is  based  on  one  of  the 
wide-bladed  propellers  of  the  Gawn  series. 

Some  techniques  for  using  senes  data  are  outlined  by  Todd  168  He  also  includes  a 
discussion  of  the  usual  empirical  procedure  for  predicting  the  performance  of  a  propeller 
operating  within  a  wake,  although  the  data  referred  to  there  arc  mainly  for  use  with  main 
propulsion  propellers  behind  ship  hulls. 

In  actual  application,  trainable  thnisters  will  typically  be  operating  with  the  free-stream 
velocity  inclined  at  some  angle  to  the  line  of  thrust  of  the  propeller  Laschka  ct  al. have 
presented  a  simple  theory  for  obtaining  all  the  aerodynamic  forces  on  inclined  propellers,  and 
they  include  references  from  the  aerodynamic  literature  Dewhurstl4<>  shows  results  from  a 
much-simplified  analysts  For  a  propeller  from  the  Gawn  senes,  with  pitch-to-diameter  ratio 
■  0.57.  a  polar  plot  of  the  thnist  ratio  can  be  calculated  based  on  the  usual  propeller  curves 
but  with  the  inflow  velocity  replaced  by  cos  0  The  resulting  plot  of  thrust  vanation  as  a 
function  of  inflow  angle  at  constant  rpm  is  reproduced  in  Figure  205a.  The  thrust  ratio 
increases  as  the  angle  increases  but  so  does  the  power  absorbed  as  indicated  by  the  constant 
rpm  curve  of  Q/Q0  versus  6  shown  in  Figure  205b. 


86 


WAGENINGEN 


PRESENT 


NOTATION 


EXPANDED  AREA  RATIO 


Figure  204  Results  of  Open  ''ater  Tests  on  Four-Blade<l  Propellers  of  the  B  4-55  Type 
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DUCTED  PROPELLERS 


Thrust  md  hmtr  tsfimsts 

It  a  propeller  i%  encased  in  a  shroud,  the  flow  through  the  duct  can  markedly  affect  the 
performance  of  the  propeller  and  nozzle  combination.  Ihc  shroud  shape  controls  both  the 
distribution  of  velocity  through  the  duct  and  the  pressure  at  the  propeller  disk  This  is  shown 
in  the  sketches  ol  I  igure  20 r>a.  where  a  schematic  comparison  is  made  between  the  idealized 
pressure  distributions  through  an  open  propeller  disk  of  area  A  and  the  pressure  distributions 
through  ducted  propellers  whose  disk  area  is  S  =  A  ♦  A  A.  The  presence  ol  the  shroud  also 
allows  a  larger  loading  on  the  blades  toward  the  tips 

l  or  a  flow-decelerating  nozzle,  or  pumpjet.  A  A  >  0,  and  there  is  a  pressure  rise  in  front 
ot  the  actuator  disk  11ns  may  be  useful  for  inhibiting  screw  cavitation.  Hie  induced  circula¬ 
tion  about  the  nozzle  (figure  20ob*  creates  a  negative  thrust  on  the  duct 

I  or  a  flow -accelerating  duct.  Kort  nozzle,  the  A  A  <  0,  and  there  is  an  augmented  decrease 
in  the  pressure  in  front  ot  the  disk  In  this  case,  the  induced  insulation  on  the  nozzle  creates 
a  positive  thrust  on  the  duct,  and  the  overall  efficiency  of  this  configuration  is  improved.  In 
general  it  may  lx-  stated  that  tor  low -speed,  high  thrust-loading  applications,  the  accelerating 
nozzle  is  appropriate. 

for  axial  inflow  into  a  ducted  propeller,  the  momentum  theory  and  actuator-disk  model 
again  provide  some  rough  estimates  of  performance,  for  example,  the  pertinent  discussion  by 
van  Nlancn  and  Oostcrveld1 ''  is  useful 

flinist  and  ideal  power  arc  connected  by  the  ideal  efficiency 


and  the  ideal  power-loading  coefficient  is 
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and  is  an  important  parameter  of  ducted-propeller  performance;  t  T  and  (  P(  are  defined  as 
before  The  total  thrust  is  made  up  of  thrust  on  the  propeller  plus  thrust  on  the  nozzle 
T-TP*V 

Comparing  the  ducted  propeller  rj(  with  the  ideal  efficiency  of  the  tree  propeller  at  the 
same  C'T>  we  sec  that  by  carry  ing  more  thrust  on  the  nozzle  r  <  1,  the  overall  efficiency  can 
be  improved  Or.  to  deliver  the  same  thrust,  a  ducted  propeller  requires  a  smaller  diameter 
than  a  free  propeller 

Hie  benefit  of  the  duct  is  obviously  degraded  by  viscous  drag  on  the  nozzle  This 
degradation  is  worse  at  (uglier  forward  speeds.  Van  Manen  and  Oostcrveld15  have  provided 
an  estimate  of  the  effect  of  duct  drag  upon  the  ideal  efficiency  A  nozzle-efficiency  factor  is 
defined  as 


N 


T-  Dn  4v  > 
T  =  1 ' 5  CT 


I  14bl 


where  •>  =  nozzle  length  in  axial  direction,  and  1>N  =  (  y  P^  »tDt  is  the  nozzle  drag 
estimated  b>  empirical  means  The  open  water  efficiency  of  the  ducted  propeller  is  then 
T?  »  .  T,f  Note  that  ?|f ^  —  1.0  when  the  Ds  -  0  figure  20 7  gives  the  estimated  r?,N  as 

a  function  of  the  thrust  loading  (  T  In  f  igure  208.  the  overall  efficiency  is  plotted  against 
C  showing  curves  for  an  open  propeller  and  for  ducted  propellers  with  and  without  nozzle- 
friction  drag  included  The  graph  shows  that  ducted  propellers  lead  to  higher  efficiencies  than 
free  propellers  for  the  heavier  thrust  loadings  here,  for  (  ^  >  1 

Another  limiting  factor  of  ducted-propeller  performance  is  flow  separation  on  the  inner 
face  of  the  nozzle  Pus  may  occur  either  from  too  great  an  acceleration  of  the  flow  into  the 
propeller  or  from  too  rapid  a  diffusion  of  the  slipstream  downstream  of  the  propeller 
1  .i/jrcff 170  discusses  several  aspects  of  the  performance  effects  when  separation  occurs  on 
shrouded  propellers 

It  is  possible  to  envision  a  form  of  ducted  propeller  employed  routinely  for  forward 
propulsion  that  could  also  generate  a  substantial  side  force  for  lateral  control  Such  a  concept 
has  been  proposed  and  analyzed  to  some  extent  by  Gordon  and  larpgaard  1  1  llic  idea  is  to 
use  a  nonsy mmctric  propeller  shroud  that  develops  a  force  perpendicular  to  the  propeller  axis 
under  the  action  of  propeller  stream  flow  Gordon  and  larpgaard1  1  have  earned  out  an 
analysis  of  a  semicircular  shroud  using  lifting  line  theory  They  also  performed  open  water 
model  propeller  experiments  with  a  6.2-inch-diamctcr,  thrcc-Madcd  propeller  operating  within 
an  180° -arc  duct  and  found,  for  example,  that  at  a  forward  thrust  coefficient  of  CT  =  5.  the 
measured  sidc-to-forward  thrust  ratio  is  about  0.216  Tor  the  particular  choice  of  duct  geometry 
To  operate  such  a  ducted  propeller  in  the  straight  ahead  condition,  the  shroud  would  have  to 
be  rotated  about  the  propeller  axis  so  that  the  side  thmst  would  be  aimed  either  vertically 
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Figure  207  Ffficicncy  Factor  Due  to  Frictional  Nozzle  Drag  as  a 
Function  of  CT  and  i  I) 

iKTr,  l>  I  Hamrtrr  ran  Minrfl  and  Oiafrottd.  *  ^ 
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IDEAL  EFFICIENCY 


EFFICIENCY  IF  THE  FRICTIONAL  DRAG  OF  THE  NOZZLE 
IS  TAKEN  INTO  ACCOUNT 
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Nozzle  Drag  of  a  Ducted-Propeller  System 
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upward  or  downward. 

» or  a  ducted  propeller  to  be  operated  as  a  trainable  thruster,  the  static  performance  is 
important  for  maneuvering.  In  this  case,  it  is  interesting  to  include  the  effect  of  flow 
diffusion  created  by  the  shroud  shape,  Lazareff™  present  a  useful  discussion  of  the  ideal 

static  thruster  Figure  209  gives  the  geometry  and  notation.  If  the  diffusion  parameter  is 
defined  by 


o  =  S4/S, 


(1471 


then  the  total  thrust  T  and  ideal  power  P(  are  connected  by 


7  *  <po S,  ),/J(2P|)J/J 


( I4X) 


Ihcn.  the  thnist-tivarea  and  thrust-to-power  ratios  are 


T/S.  =  (pa) 


1/3 


(2P./S,  )J/J 


(149) 


T  P  *  ( 2po)'  1 
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< 1 50) 


Note  that  the  ideal  static  merit  coefficient  is  a  function  of  the  diffusion  parameter 


c,  =  T^/ryts;  =  2o 


Ml 


(151) 


rhus.  there  is  much  to  be  gained  from  diffusion.  W,th  no  diffusion  o  *  I,  the  static  thrust 

effectiveness  is  y/J  times  that  of  a  free  propeller,  ignoring,  of  course  the  viscous  drag  on  the 
shroud. 

la/arctf1  has  mentioned  an  experimental  result  with  a  shrouded  propeller  using 
diffusion,  where  a  remarkable  static  merit  coefficient  of  C  -  2.34  was  achieved  No  details  are 
given  about  the  amount  of  diffusion,  geometry,  etc. 

°b,am  ,hc  l,c,a,lcd  now  features  such  as  the  induced  velocity  field  and  the  influence 
«l  blade  geometry  and  duct  geometry,  more  complete  theories  of  screw  propellers  and  ring 
wings  must  be  brought  to  bear  The  review  articles  of  Burnell  and  Sacks'72  and  Wcissmger 
and  Maass'  J  provide  a  historical  view  and  the  status  of  the  use  of  theory  for  predicting 
performance  of  shrouded  propellers  Morgan  and  Caster17*  present  a  recent  comparison 
between  theory  and  experiment. 

As  in  free  propellers,  the  use  of  methodical  scries  experiments  is  very  useful  for  ductcd- 
propeller  design  For  example,  series  test  results  for  the  Wagenmgen  B-sencs  propellers 
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operated  in  several  different  nozzle  designs  are  presented  by  van  Manen.173176  Ducted 
propellers  with  Kaplan-type  blade  shapes  (K-series)  arc  presented  by  van  Manen  and  Superina.17 
and  an  improved  shape,  the  Ka-scnes,  is  discussed  by  van  Manen.134 

Figure  210.  reproduced  from  Strom-Tejsen’s  discussion  of  Reference  135.  shows  some 
results  for  the  measured  efficiency  rj  and  thrust  ratio  r  for  the  B  4-55  propeller  in  several 
nozzle  shapes.  The  curve  of  n  for  the  B  4-55  screw  as  a  free  propeller  illustrates  the  benefit 
of  the  duct  for  C'T  >1.0-  2.0. 

Typical  results  for  the  open  water  performance  of  the  Wagenmgen  Ka-senes  ducted 
screws  are  shown  in  Figure  211.  reproduced  from  van  Manen  and  Oostervcld  133  Similar  test 
results  are  given  in  Oosterveld17*  and  in  Oosterveld  and  van  Oosanen163  for  several  other  types 
of  ducted  propeller  shapes 

l.ewis179  lus  presented  an  interesting  technique  for  predicting  the  off-design  performance 
of  a  flow -accelerating  nozzle  given  three  values  of  initial  data  at  one  central  design  point 
the  thrust  coefficient  (  ,  .  the  thrust  ratio  r.  and  the  advance  coefficient  J. 

Stawmf  md  Control 

Die  performance  of  a  ducted  propeller  at  an  angle  of  incidence  is  of  interest  for 
maneuvering.  In  the  case-  of  the  shrouded  screw,  the  forces  are  dependent  on  the  interacting 
effects  of  the  propeller  and  the  ring  wing  I-a/areff1*"  has  discussed  some  aspects  of  this 
problem. 

Ihcre  arc  data  available  for  the  performance  of  Kort-nozzlcd  propellers  at  nonzero 
steering  angles,  l  or  example.  Hawkins  et  il  present  some  results  obtained  from  experi¬ 
ments  performed  at  the  University  of  MiJugan  Figure  212  is  a  sketch  showing  the  notation 
used  here.  The  ducted  propeller  model  was  based  on  the  Wagenmgen  Ka  4-55  series  propeller 
in  a  slightly  altered  Wagenmgen  Nozzle  IK.  Curves  of  Kx>  Ky.  etc.,  versus  inflow  angle  6  arc 
reproduced  in  Figure  213.  The  force  and  torque  coefficients  here  arc  defined  as  usual 

K  =  F  /pnJ  D4 
\  ' 

Ky  -  Fv/pnJD4 

Kg  *  Q/pnJ  D*  (152) 

where  l)  =  propeller.  Q  =  propeller  torque,  and  Fx  and  Fy  arc  defined  in  Figure  212. 

The  thrust  of  a  ducted  propeller  may  also  be  directed  by  means  of  rudders.  Several 
configurations  designed  for  pushboats  are  shown  in  Figure  214,  reproduced  from  Oosterveld.1  8 
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l  igtirc  210  Sample  Data  for  Wageningen  B  4-55  Propeller  as  a  Ducted  Sere* 

and  as  an  Open  Sere* 

Strom  Iffwti  *  dmuwon  of  Rrfrrnuv  135. 


Figure  21 1  RfMills  of  Open-Wafer  Tests  with  K a  4*70  Screw  Series  in  Nor/le  19* 
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Figure  21.1  Dueled  Propeller 
Performance  al  Various 
Incidence  \ngles 
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1  win  Steering  Ruddci  \rrangement 


Figure  2 1  4h  Single  Rudder  \mngement  (nr  Pu*hboat 


figure  214  Ducted  Propeller  Configuration*  with  Rudder* 
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RING  PROPELLER  AND  RELATEO  DEVICES 

Several  other  devices  similar  to  ducted  propellers  have  been  suggested  for  applications 
requiring  large  thrust  loadings  and  low  forward  speeds. 

For  example,  Oosferveld178  discusses  experiments  performed  with  ringpropellers.  nngpro- 
pellers  in  nozzles,  and  multiple  nozzle-ringpropeller  systems.  These  devices  are  shown  in 
Figure  215.  The  ringpropeller  features  a  ring  Fitted  to  the  propeller  blade  tips  which  rotates 
with  the  propeller.  I7ie  ringpropeller  may  also  be  operated  within  a  shroud  by  providing  a 
slot  to  accommodate  the  ring  The  multiple  nozzle  arrangement  in  Figure  216  has  the  forward 
ring  fixed  with  adjustable  stator  blades.  Then,  the  after  ring  is  attached  to  the  blade  tips  and 
rotates  with  the  screw 

Oosterveld1 78  presents  numerous  diagrams  of  open  water  performance  of  these  various 
devices.  From  these,  it  is  concluded  that  the  ringpropeller  systems  have  lower  open-water 
efficiency  than  do  conventional  ducted  propellers.  This  is  due  mainly  to  the  tnctional  drag  on 
the  rotating  ring. 

One  interesting  comparison  of  all  three  arrangements  is  given  in  Figure  217  for  static- 
thrusting  conditions.  Die  efficiency  factor  rjd  is  the  static  merit  coefficient  C 


k  ,/J 

Ni 


( 


(153) 


The  figure  shows  the  superior  performance  of  the  conventional  ducted  propeller  ka  4-70  in 
Nozzle  I9A. 


AUGMENTED  DUCTED  PROPELLER 

Flow  diffusion  within  the  shroud  increases  the  static  thrust  performance  of  a  ducted 
propeller;  see  Figure  20*).  A  jet-flap  diffuser  appears  to  be  even  more  promising  It  consists 
of  an  angled  peripheral  jet  sheet  blowing  at  the  trailing  edge  of  the  duct.  It  can  provide  a 
rapid  and  efficient  expansion  of  the  propeller  slipstream  to  a  slow-er  speed  exhaust  flow,  see 
Figure  21Xb. 

Morel  and  Lissaman65  have  presented  static  thrust  comparisons  between  conventional 
thrusters  and  the  same  devices  with  ict-flap  diffusers  For  the  conventional  ducted  propeller 
with  effectively  no  diffusion  or  contraction  of  the  slipstream,  the  thrust  and  power  are 

Td=pSV/  (154) 

Pd=|pSV/  (155) 

* 


where  S  *  1 1^/4.  D  =  propeller  diameter.  =  uniform  duct-exhaust  velocity. 
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RiNGPROPELLER  IN  NOZZLE 


RINGPROPELLER 


Figure  215  Ringpropellers 
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MULTIPLE  NOZZLE 

RING  PROPELLER  ARRANGEMENT 


Figure  216  Particular*  of  Multiple  Nozzle 
Ringpropeller  System 
178 
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l  or  the  dueled  propeller  with  jet-flap  diffusion,  the  idealized  thrust  and  power  arc 


Ij  =  pS V‘  (a  *■  C'j  2) 


where  a  -  diffusion  parameter  S}/S 
Y’e  =  jet  exit  velocity 
(',  =  external  jet  momentum  coefficient 


2  »xi  I)  2  )p\'j 

\  pail)  :»•’  v* 


s  =  thickness  of  jet  sheet  at  exit  of  duet 
Note  that  the  ideal  statu  merit  coefficient  is 
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la/areM1'"  has  tested  the  arrangement  pictured  in  I  igurc  2l‘*  Hus  is  a  “blown  duet”, 
with  slot -blowing  boundars  layer  control  on  the  inner  face  of  the  duet  and  also  on  the  rear 
part  of  the  propeller  hub.  At  the  same  power  absorbed,  the  ratio  ol  the  blown-duct  thrust 
performance  to  the  unblown  thrust  was  found  to  lx-  ~  1.18  This  order  of  magnitude  increase 
is  also  predicted  bs  the  simple  analssis  of  the  jet-flap  diffuser  of  Morel  and  I  issaman 

Note  that  the  configuration  of  Figure  21<J  is  not  j  true  jet-flap  diffuser.  The  jet  sheet 
should  be  issued  at  the  dust  exit  and  at  an  angle  to  the  centerline  Actual  data  for  a  jet-flap 
diffuser  used  on  .in  ejector  is  presented,  lor  example,  bs  Alpenn  and  Marlotie  141 


Acrivc  nooorn 

The  active  rudder  is  a  well-known  marine  application  of  directional  d  ieted  propeller.  It 
consists  of  a  small  shrouded  screw  operating  at  the  trailing  edge  of  a  ship  redder.  Figure  ’20 
is  a  schematic  of  a  typical  installation  on  a  surface  ship 

Hricf  dixs  ussmns  of  some  of  the  hydrodynamic  characteristics  of  these  devices  are 
presented  for  example  by  Minsaas’*'  and  Hawkins  et  al  '**  The  latter  reference  gives  a 
simple  example  based  on  the  thrust  characteristics  of  a  standard  senes  ducted  propeller 

As  indicated  in  the  sketch  of  Figure  221.  the  effect  of  the  ducted  propeller  is  to  direct 
the  flow  parallel  to  the  rudder  centerline.  Tims  the  inflow  to  the  ducted  propeller  is  at  an 


BLOWING  SLOTS  FOR  BLC 
Figure  21*1  Blown-Duel  Shrouded  Propeller 

I  M) 

T r«»r*l  by  U/arrff 


I  »>jurr  2-0  Arrangement  of  Conventional  Powered  K wider  behind  the  Screw 

of  a  Surface  Ship 


ST  *  SIDE  FORCE  DUE  TO  ACTION  OF 
THE  DUCTED  PROPELLER 


figure  221  How  awl  Geometry  of  the  Active  Rudder 
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angle  0  =  0.  It  is  possible  to  estimate  the  steering  force  provided  by  the  ducted  screw. 
Hawkins  et  al.i::  have  shown  that  the  experimental  thrust  performance  for  the  Wageningcn 
Ka4-55  screw  is  estimated  by  the  empirical  formula 

Kt  =  |0.72S<P/D)-  0.2  ♦  0.45  JJ  cos  0  -  J,  (159) 

where  tP  I)>  *  pitch  diameter  ratio,  and  Jt  *  advance  coefficient.  For  the  case  of  0  =  0  and 
with  the  velocity  past  the  rudder  denoted  by  VR .  the  thruster-generated  side  force  available 
for  maneuvering  is 


Sr  *  pn*  I)4  |0.725(P/D)  -  0.2  -  0. 5 5 ( VR /n I) » |  sin  6R  (160) 

where  6R  =  rudder  angle  The  power  required  can  be  estimated  from  the  curves  for  K(l  versus 
curves  given  by  Hawkins  et  al. 1  *  * 

Ilte  effectiveness  of  an  active  rudder  is  restricted  to  low-speed  operation.  At  high  speeds 
the  duct  can  cause  an  undesirable  increase  in  drag. 

DISCUSSION  All  of  the  directional  propeller  devices  discussed  in  this  section  about 
directional  thrusters  arc  either  presently  used  or  could  conceivably  be  used  for  producing 
auxiliary  control  forces  for  specialized  marine  vehicles  such  as  small  subinersibles.  drill  rigs, 
harbor  craft,  etc.  A  small  retractable,  directional,  ducted  propeller  is  an  cmnnncntly  practical 
device  as  a  xlow-specd-propulsion  unit  for  a  submarine.  However,  for  submarines  as  they  are 
presently  configured,  these  devices  arc  not  as  suitable  for  control  purposes  as  are  the  general 
class  of  lifting  surfaces  discussed  in  Chapter  1  flic  reasons  for  this  are 

1.  Although  the  devices  would  be  extremely  effective  at  slow  speed,  say.  for  hovering 
near  the  surface  in  a  heavy  seaway,  their  drag  at  high  speeds  would  be  high,  unless  the  pitch 
of  the  blades  could  be  altered  for  efficient  thrusting  (propulsion)  at  high  speed. 

2.  Hie  mechanisms  needed  to  orient  a  tilt-duct.  say.  and  to  change  the  pitch  of  the 
blades  would  be  complex,  and  would  introduce  reliability  problems. 

.V  Fhe  noise  produced  by  small-diameter,  highly  pitched  control  propellers  would 
probably  be  excessive. 

For  a  submarine  intended  to  operate  only  at  slow  speeds,  the  arguments  arc  no  longer 
applicable,  and  simple  V/STOL-inspircd  arrangements  might  well  find  application.  In  such  a 
case,  the  augmented  ducted-propeller  devices  discussed  in  this  section  should  be  carefully 
explored  because  of  their  potentially  superior  hydrodynamic  performance.  Also,  blowing  flow 
control  on  the  propeller  blades  could  be  used  to  alter  the  effective  blade  pitch  by  simple 
valving  instead  of  a  complex  mechanism. 


Unless  there  is  some  special  reason  for  moving  a  submarine  sideways  at  zero  or  low 
speed,  directional  propeller  device  cannot  compete  with  a  Happed-  or  lift-augmented  lifting 
surface  for  producing  a  lateral  control  force  over  a  range  of  speeds  and  with  minimum 
mechanical  complexity. 


NAME:  Directional  Plain  Waterjet. 

* 

DEFINITION  AND  OPERATION:  The  trainable  waterjet  is  another  form  of  a  reaction  thnister 
analogous  to  the  directional  propeller  discussed  in  the  previous  paragraphs.  In  fact,  the  ducted 
propeller  could  be  thought  of  as  an  axial  flow  pump  particularly  suited  to  a  large  flow  rate 
and  a  relatively  low  pump  head. 

The  most  compact  steerable  waterjet  consists  of  a  short  tube  with  an  inlet,  internal 
ducting  leading  to  an  appropriate  type  of  pump,  and  a  jet  discharge  nozzle  aligned  with  the 
inlet.  Such  a  nacellelike  jet  can  be  mounted  on  a  fixed  or  retractable  strut,  or  on  hinges  at 
the  tip  ends  of  a  lifting  surface. 

Here,  the  plain  waterjet  refers  to  the  simplest  form  of  the  device.  It  uses  water  as  the 
working  fluid  and  features  no  special  augmentation  schemes  to  improve  the  thiust  performance. 
Several  augmentation  concepts  are  discussed  in  separate  subsections. 

Figure  222  shows  an  aligned  nacellelike  waterjet  configuration  intended  for  use  as  a 
propulsor  on  a  high-speed  hydrofoil  boat.18'  It  has  a  centrifugal  pump,  for  the  large  head 
required  at  high  speed,  and  very  short  stretches  of  internal  ducting. 

Another  compact  configuration  is  the  S-type  jet  propulsor  shown  in  Figure  223. 185  In 
this  case,  the  vectoring  of  the  exhaust  jet  is  accomplished  with  a  swiveling  steering  conduit 
and  vanes.  Although  the  bends  in  the  internal  ducting  tend  to  increase  the  internal  head  loss, 
this  arrangement  would  not  require  a  /.-drive  transmission  from  the  prime  mover  to  the  pump. 

The  references  by  Brandau.184  Kruppa  ct  al..18'  and  Kulikov  ct  al. ***’  arc  examples  of 
useful  surveys  of  the  waterjet  technology  and  of  the  cntical  problem  areas  Each  of  these 
contain  long  lists  of  source  material. 

THRUST  AMO  ROWER  ESTIMATES 

Estimates  of  jet  performance  are  provided  by  the  use  of  the  momentum  theory  and  by 
including  some  form  of  assumed  system  losses.  Figure  224  is  a  sketch  of  an  idealized  water¬ 
jet  and  the  variation  of  the  specific  energy  through  the  system.  By  using  the  notation  given, 
the  thrust  delivered  and  fluid  power  absorbed  arc  expressed  by 

T  =pQ(Vr  Voj 
Pf  4pO'v,J  -  V0*)+  pgQ  •  H, 

where  Vo  =  uniform  inflow  velocity,  V  •  jet  velocity.  Q  =  volume  flow  rate  through  the 
system,  and  H,  *  total  system  internal  head  loss  due  to  inlet,  diffusion,  ducting,  and  nozzle 
losses  measured  in  units  of  length. 
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I  tgure  224  I  nergy  Density  Variation  through  a  Plain  Aligned  Waleijet 
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It  the  head-loss  term  is  neglected,  the  ideal,  or  Froude,  jet  efficiency  =  T  •  VQ/P,  is 
simply 

r|,  =  2/(1  +  Vj/VJ  (1631 

I'his  formula  is  impossibly  inaccurate  but  it  does  establish  an  ideal  upper  limit  to  tj(  as  a 
function  of  the  ratio  k  =  V/Vo.  The  thrust  equation  is  correct,  of  course,  and  Figure  225 
shows  curves  of  the  thrust-to-area  ratio  T/p  A,  plotted  on  a  graph  of  V  versus  VQ.  Tile  dotted 
lines  are  contours  of  the  ideal  efficiency  rj( 

Now.  the  real  jet-system  propulsive  efficiency  is  defined  by  HrandauIM  to  be 
V  =  anJ  ,s  expressed  as 


'pi 


2(k  -  I) 

kJ  ♦  2gHL/VoJ  -  1 


( I64i 


There  are  various  ways  of  representing  the  overall  head  loss  H,  as  proposed  by  several 
authors  For  example,  three  different  expressions  arc  included  here  with  the  corresponding 
coefficient  torn)  of  the  losses 

Levy""  H,  =  K,  VJ/2g  (defines  K,  I 

2(k  -  I) 

r)  =  - 

lpt  |kJ  ( 1  +  K,  )  -  1 1 

Johnson"9  H,  “KVj1/ 2g  (definesK) 

2(k  -  I  > 

T)  ■  - 

,p’  |kJ  -  1  ♦  K) 

Kruppa,  ct  al."'  H,  =  f  Vo3/2g  ♦  V: /2g 

2(k  -  I) 

TJ  *  - 

lpr  k2  <  I  ♦  f,t-  1  +  { 

In  the  last  case,  the  noz/le  loss  is  isolated  from  the  total  of  the  other  internal  losses  f  and 
is  referred  separately  to  the  jet  velocity  head.  Tins  third  form  of  II,  by  Kruppa  ct  al."s  is 
particularly  well  suited  to  finding  the  best  operating  jet  velocity  ratio. 


(I65i 
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In  Figure  2.t>,  the  efficiency  tj.  is  plotted  versus  k  I  or  various  constant  values  of  the 

,  ’ i ” 

total  loss  coefficient  k  =  H(  (V^/2 g).  This  plot  shows  the  marked  effect  losses  have  on  the 
more  accurate  estimate  of  jet  efficiency,  expecially  in  the  range  of  low  forward  speeds. 

OPTIMUM  VELOCITY  RATIO 

With  reasonable  values  of  loss  coefficients,  it  is  possible  to  choose  the  value  of  k  =  V /Vq 
for  maximum  jet-system  efficiency,  l  or  purposes  of  comparison  fable  H  summarizes  three  of 
the  published  procedures  for  determining  (V/V^i. 


TABU  H  -  COMPARISON  OF  LOSS  COEFFICIENT 

WuJifrrd  from  Kruppi.  rl  •!. 


Source 

Definition  of  Overall 

Assumptions 

Head  Lou 

Levy 

Kl  V2/28 

k2J  *  conit,  f.  «  const 

John  ion  (1964) 

KV2/7g 

?'  *  const,  k2^"  const 

Kruppa  et  al.  (1968) 

?  V2/2g  +  V2/2g 

J  ■  const,  *  const 

Note 


f '  *  lum  ot  internal  low  coefficient!,  except  |et  nozzle. 

•  /el  nozzle  Ion  coefficient. 

k  -  (V/V  I 
i  o 


For  example,  the  result  obtained  by  kruppa  ct  al  18'  for  the  optimum  value  of 
n  3  k'1  is 


opt 


'jjl 
I  ♦  f1 


I 


(  1  bf*  I 


when  the  inflow  velocity  V  is  uniform 

dearly,  this  result  for  (i  is  only  as  good  as  the  accuracy  o!  the  loss  coefficients  f’ 
and  It  is  possible  to  estimate  these  from  the  geometry  of  the  system  For  example. 
kim,s  has  presented  a  useful  discussion  of  loss  predictions  for  the  various  components  of 
a  waterjet  layout. 
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I  ijiurc  22b  Jet  l  fficicncy  versus  Jet-Velocity  Ratio  for  Various  Nondimensional  l  «>ss 


FLOW  RATI  AND  HEAD 


It  the  optimum  velocity  ratio  kopl  x  l/fii)|lt  in  known  for  a  given  system,  then  the 
required  pump-design  parameterN.  flow  rate  Q  and  head  H.  are  determined  from  the  thrust 
required  and  the  forward  speed  When  the  inflow  is  a  uniform  velocity  V  , 


Q 


T^Vo(kop, 


I ) 


(  I  f>‘t  I 


v- 

h-  37lk0p,(1  ♦*,>- 1  +  r'i  <i7o» 

Note  that  the  pumping  capacity  varies  as  VJ1.  and  the  required  head  varies  as  V* 

Selection  of  the  proj'er  pump  is  based  on  the  relative  magnitudes  of  How  rate  and 
head  II  as  measured  by  the  specific  speed 


n 


<*mV4 


(1711 


where  n  pump  rotational  speed.  In  general,  large  values  of  nt  require  axial-flow  pump 
designs  to  achieve  the  best  pump  efficiency,  low  values  of  n(  require  radial  or  centrifugal 
pumps.  Intermediate  values  of  nt  require  mixed-flow  pump  types. 

Discussions  of  the  pertinent  details  of  pump  tyjx-  and  specific  speed  are  given  for 
example  in  Stepanofl.1'  W  islicenus.191  Johnson.1*'1  kruppa  ct  al  l*<  and  Witte.1’* 

flic  recent  work  by  W'tsliccnus 1,1  is  an  extended  treatment  ot  the  details  of  the  design  of 
plain  waterjet  systems  Ihc  problem  areas  outlined  previously  ,  plus  many  others,  arc  discussed 
in  depth  there  A  fascinating  survey  that  covers  plain  waterjets  as  well  as  a  great  variety  ot 
related  propulsion  schemes  and  augmented  watenets  is  presented  by  Schuster  ct  al  1<': 


STATIC  PERFORMANCE 

In  the  present  context,  the  most  interesting  modes  of  tel  operation  arc  the  static  and 
near-static  conditions.  I  or  this  regime,  the  analysis  of  statu  thruster  performance  by  Witte1’* 
is  applicable.  Consider  the  sketches  of  aligned  jet  propulsors  in  figure  227  ITiese  are 
operating  statically  .  that  is.  with  the  forward  velocity  V _  =  0  With  the  notation  indicated  in 
the  figure,  the  pressure  increase  across  the  pump  for  either  device  is 


Pg  •  AH  ■  pgHL  ♦  ^-pV,2  (172) 

pgHt  *  ^pL  *  (aR:  -  1>()  ♦  $,  -^pV,:  (173) 

where  £  .  £  are  the  loss  coefficients  of  the  nozzle  and  tube,  respectively,  and  aB  =  area  ratio 

3  W 

The  thrust  developed  and  fluid  power  are 

T  '  p(V(  A,  )V,  •  qr  ,  Pf  *  pg<  AH)A,  V,  (174| 

llien  the  static  merit  coefficient  is  a  function  of  the  area  ratio  oR 


^\/T\  I  («R  -  I  Ml  II 


Pus  function  is  plotted  in  figure  185  for  £n  ;  0,  and  it  shows  that  the  best  static  thrust  per 
unit  power  can  be  obtained  with  diffusing  tube  nozzles  <oR  <  1  ),  rather  than  accelerating  tube 
nozzles  <ciR  >  1 ). 

Witte1’*  shows  that  the  specific  speed  n%  is  also  a  simple  function  of  oR 


n  '  n  •  (const) 


-  IXI  ♦  {„>♦  I,  ♦  H 


M 


(17m 


If  a  diffusing  tube  nozzle  (oR  <  1 )  is  chosen  to  obtain  a  large  static  thrust-to- power  ratio,  then 
this  demands  a  large  specific  speed  nf.  large  values  of  nt  require  axial  flow  pumps  as  pictured 
in  f  igure  227b  An  accelerating  tube  nozzle  <oR  >  I )  is  consistent  with  centrifugal  pumps 
(figure  227a)  but  the  static  thrust-to-power  ratio  that  can  be  achieved  is  inferior  to  the  case 
of  nR  <1. 


DISCUSSION  It  mas  be  concluded  that  the  best  form  of  plain  waterjet  propulsor  for  static 
and  low  speed  operation  is  one  with  an  axial  flow  pump  Pie  Kort  nozzle-ducted  propeller  is 
an  excellent  choice  for  such  a  "pump”,  hence,  the  conclusions  relating  to  the  application  of 
directional  propellers  apply  here  directly 
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NAME:  Directional  Augmented  Water  jets. 


DEFINITION  AND  OPERATION  Pm  section  is  devoted  to  a  number  of  propulsor  concepts 
that  are  related  to  the  basis  simple  waterjet.  Piese  devices  each  involve  special  features 
intended  to  augment  the  thrust  performance  of  the  waterjet,  Riven  a  diameter  and  power 
available  Pie  subcalcgorics  included  here  are 

1.  I  lector  and  Jet-Map  Diffuser  fjector 

2.  H>  pass  S>  stems 

3.  Two-Phase  Hv  dropropulsers 

4.  l*sucdoblade  Propeller 

ejector  and  jet  f i at  oirruscR  utcron 

Pie  low-specific-speed,  centrifugal  pump  system  is  not  the  best  choice  for  the  plain  water- 
jet  operation  at  zero  and  low  forward  speeds  However,  as  is  pointed  out  bv  Witte.15*  centn- 
tugal  pumps  tend  to  be  more  compact  and  less  expensive  than  axial  flow  pumps.  It  is  there- 
to-c  worthwhile  considering  techniques  of  augmenting  the  performance  of  a  converging-nozzle, 
low  nt  system 

l  sing  the  converging  nozzle  jet  as  the  primary  thruster,  the  ejector  or  the  ejector  with 
jet  flap  diffusion  are  two  devices  that  are  adaptable  to  the  waterjet  geometry  and  arc  known 
to  give  thrust  augmentation  Pie  thrust  and  power  performance  of  these  concepts  arc 
divsussed  elsewhere,  see  Mgurr  l*<J  and  I  quations  (124)  through  ( I  30 J.  figure  22H  repro- 
dused  from  Morel  and  Lmam.inM  illustrates  the  ideal  relative  thrust  values  obtainable  with 
these  thruster  concepts  at  the  same  total  power  consumed 

I  xpenmcntal  support  for  the  ejector  concept  can  In-  found,  lor  example,  in  I  ancher1’5 
and  in  several  references  cited  bv  McCormick  '  I  anchcr”5  also  discusses  some  features  of  a 
hvpermixmg  nozzle  that  improves  the  mixing  process  between  the  primary  jet  and  the 
entrained  How  see  I  tgurc  * 2*z.  t  sc  of  this  special  nozzle  allows  an  improved  thrust  augmen¬ 
tation  for  a  solid  wall  diffuser  as  well 

\  xperimental  evidence  for  the  ejector  with  jet-tlap  diffusion  can  be  found  in  Alpcnn  and 
Marlotte  4  Pie  greatest  appeal  of  the  jet  flap  diffuser  is  the  possibility  it  provides  for 
reducing  the  bulk,  especially  the  lenj  th.  of  a  diffusing  ejector 

«vr*U  SYSTEMS 

Another  approach  to  the  problem  of  augmenting  the  thrust  of  a  plain  jet  issued  out  of  a 
converging  nozzle  is  the  use  of  bypass  systems  These  are  combinations  of  fan  and  jet.  and 
tw-o  types  are  shown  in  figure  230. 

I  sing  the  notation  in  the  figure,  the  thrust  of  the  plain  jet  is  f(  *  m,  V  .  where  m, 
mass  flow  rate  through  the  jet  If  the  exhaust  velocity  at  the  exit  of  the  turbine  V  is 
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equal  to  the  slipstream  velocity  V  ,  tlu-  thrust  of  the  bypass  devices  is 


T  =  ( ill,  ♦  m( ) 


« 177* 


where  iiif  =  mass  flow  rate  through  the  rotor  of  ducted  Ian.  Then,  the  thrust  augmentation 
ratio  is 


where  the  bypass  ratio  is 


(I7«) 


(I70i 


with  »}t  =  power-turbine  efficiency  and  tjj  =  bypass  hydrodynamic  efficiency.  These  concepts 
work  extremely  well  in  air.  however,  in  water  the  cumulative  efficiency  involving  turbine, 
rotor,  and  mixing  losses  would  probably  be  poor  A  free  or  ducted  propeller  alone  would  have 
a  superior  efficiency. 


TWO  PHASE  HVOHOPnOPSJlSORS 

The  basic  idea  behind  the  operation  of  all  two-phase  hydropropulsorx  can  be  outlined  as 
follows  water  enters  the  inlet  of  the  jet  and  is  diffused  to  increase  Us  static  pressure  A 
larger  pressure  head  may  be  supplied  by  a  pump,  following  this  pressure  increase,  a  gas  is 
introduced  into  the  water  stream  in  such  a  way  that  good  mechanical  mixing  occurs  What 
should  result  is  a  frothy  mixture  ot  small,  evenly  distributed  bubbles.  Differences  in  the 
various  types  of  multiphase  propulsors  have  to  do  with  the  type  ot  gas.  its  temperature,  and 
the  method  of  introducing  the  gas  It  the  gas  is  hot.  then  even  though  good  mechanical 
mixing  of  the  bubbles  is  still  necessary  good  thermal  mixing  is  undesirable  because  the  large 
heat  capacity  ot  water  can  quickly  cool  the  gas  temperature  and  create  large  thermal  energy 
losses. 

After  leaving  the  mixing  section,  the  low-density,  high-pressure  froth  is  accelerated  in  a 
nozzle,  then  it  is  expanded  to  the  ambient  pressure.  Die  expansion  of  the  lower  density  and 
compressible  mixture  occurs  under  the  action  of  a  negative  pressure  gradient  to  pr<>ducc  an 
exhaust  velocity  that  is  sufficiently  higher  than  the  inflow  velocity  to  create  a  thrust.  Another 
way  to  state  this  is  that  the  expanding  gas  bubbles  of  the  mixture  do  work  on  the  water, 
imparting  additional  momentum  to  the  stream,  to  help  expel  it  from  the  nozzle. 

The  whole  process  resembles  a  turbojet  engine  in  air,  where  the  low-density  compressible 
mixture  is  formed  by  high-temperature  combustion  In  an  air  jet  engine,  the  fuel  mass-flow 
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rate  adds  significantly  to  the  thrust;  whereas,  in  a  water  and  gas  mixture,  the  mass  flow  rate 
of  the  water  is  considerably  more  important. 

Pallaba//er1'*4  has  presented  a  survey  of  some  of  these  propulsor  ty  pes  and  a  discussion 
of  the  performance  of  different  forms  of  waterjets. 

Hie  most  informative  article  on  two-phase  hydrothrusters  is  the  review  paper  by  Muench 
and  Garrett11*'  which  also  gives  some  general  results  for  the  mist -jet  concept,  or  water- 
augmented  air  jet  The  latter  has  been  proposed  for  high-speed,  surface-ship  propulsion 

Several  variations  on  the  mam  theme  of  two- phase  thruster  are  mentioned  as  follows, 
along  with  sample  references.  However,  only  one  ol  the  propulsors  is  singled  out  here  lor  a 
brief  outline  of  its  thrust  performance  results. 

Am  Aimmmtd 

In  the  case  of  an  air-augmented  hydrojet.  the  injected  gas  is  high-pressure  air,  not 
necessarily  heated,  this  air  is  inlnxluced  through  slots  into  the  mixing  chamber  of  the  water- 
jet.  fhere  are  two  basic  types  pump-driven  jet  and  ram  tet.  see  I  igure  231 

rum*.  o»r»««v  Am  ttmtmm  An  analysts  of  the  thrust  of  an  air-augmented  waterjet  is 

given  by  Amos  et  al  l',h  I  he  basic  geometry  ol  an  aligned  waterjet  w  ith  air  injection  is  shown 
in  figure  232.  I'sing  conservation  equations  ot  mass,  momentum,  and  energy  and  with  a 
separated-flow  two-phase  analysis  of  the  bubble  mixture  within  the  nozzle,  some  performanc 
curves  have  been  generated.  Hie  total  thrust  of  the  augmented  waterjet  is 

T  =  m.  ( Uf  -  IU>  ♦  mf  vc  ♦  Af  ( pe  -  p,,,)  ( I  HO) 

where  mw  c  mass  flow  rate  of  water 
m^  =  mass  flow  rate  of  air 

Uj.Uj,  =  water  velocities  at  the  nozzle  exit  and  ambient 
V  ■  air-bubble  velocity  at  nozzle  exit 
A(  =  exit  area 

P,  Poo  =  CX|1  and  ambient  pressures,  respectively. 

I  igure  233  shows  the  thrust  augmentation  ratio  versus  the  pressure  ratio  of  pump  outlet  to 
ambient. 

Figures  234  and  235  show,  respectively,  the  variation  of  thrust -augmentation  ratio  versus 
the  mass-flow  ratio  v  and  versus  the  temperature  ratio  of  injection  air  to  water  The  latter 
plot  indicates  the  weak  effect  of  elevated  air  temperatures  on  the  thrust  performance. 

An  interesting  variation  of  this  device  would  be  an  air-augmented  turbojet.  A  turbine 
positioned  in  the  exhaust  could  help  drive  the  inlet  pump  11ns  is  shown  in  lugure  236. 


(.*»  Bonu  <>f  a  *»trnci  of  Propjel 


TWO  PHASE  EXPANSION 
NOZZLE  | 


GAS  INJECTION 


OlEEUSER 


INALL  INJECTION 


STRUT  INJECTION 


Fifurr  I' lb  Hydroramjet 


2.FI  Two  Basic  Types  of  Air- Augmented  Waierje*  Thnisters 


AIR  AUGMENTED  WATER  JET 


figure  214  Variation  of  lhrml 
Augmentation  with  Mav\ 
Mow  Ratio 


f  igure  2A5  Variation  of  Thrust 
Augmentation  with  Air- 
Injection  Temperature 

Amo.  el  it.' 96 


now 


PUMP 


DIE  E  USER 


GAS  INJECTION 


TWO  PHASE 
EXPANSION  NOZZLE 


TURBINE 


Figure  2A6  Hydroturbojet 

Atldi  (tom  WueiKti  end  (*itl  '**' 


327 


a«  Au«nwnt*d  R*n*«t  Hie  ramjet  version  ot  the  air-augmented  hydrojet  has  no  pump  hut 
depends  on  diffusion  alone  to  recover  sufficient  pressure  for  its  operation.  Mucnch  and 
Garrett 1,5  relate  an  interesting  history  of  this  concept.  Figure  237  shows  a  sketch  of  a  ramjet 
configuration  developed  at  Netherlands  Ship  Model  Basin.  Oosterveld  and  van  Oossanen 1,7 
base  given  a  recent  survey  of  the  experimental  and  analytical  progress  on  such  jets. 

HmM  »nd  Oanuulty  Produced  Gm 

A  number  of  thruster  concepts  have  been  developed  for  very  high  speed  propulsion  of 
torpedoes  or  of  hydrofoil  boats. 

The  MARJF  I  pictured  in  Figure  23K  is  a  steam-augmented  ramjet.  A  small  fraction  of 
water  is  drawn  off  and  heated  to  convert  it  to  steam,  and  the  steam  is  re*injected  into  the 
mam  stream.  A  brief  description  and  analy  sis  of  this  concept  is  given  by  Rosen.198 

The  "hydropulse"  is  a  two-phase  water  pulse  jet.  Gas  is  supplied  by  a  chemical  reaction, 
vis  with  lithium  or  sodium  Hi  is  fuel  is  injected  intermittently  and  reacts  at  high  pressure 
jiul  temperature.  prinJucing  much  gas  and  steam  A  tubelul  ol  water  is  pushed  out  New 
water  is  rammed  in  to  start  the  process  again.199  Figure  231*  shows  the  hydropulscjet. 

Another  type  of  hydroramjet  is  the  "hydroduct",  see  Gongwer  199  A  heat  source  such 
as  a  nongacsing  propellant  causes  the  water  to  Hash  to  steam  at  ram  pressure.  Turbulators 
make  a  gvnsd  mixture  of  steam  and  water,  which  is  then  exhausted  sia  the  norrlc.  A  hydro¬ 
turbojet  version  has  also  been  tried,  where  a  turbine  in  the  exhaust  drives  a  pump  that  is  used 
to  help  force  water  into  the  combustion  chamber.  Molten  lithium  is  one  type  of  fuel  that 
has  been  tested.  I  sc  of  lithium  and  sodium  as  hydrofuels  are  discussed  by  White. 100 

A  related  concept  is  the  "aerohy drotor”  (Figure  240 »  where  the  ram-filled  expansion 
tubes  consist  ol  small  chambers  in  a  rotating  cylinder  tailpiece  arranged  behind  a  gas  source. 
Just  enough  gas  is  allowed  to  enter  a  chamber  in  order  to  discharge  its  content  of  water.  Hie 
rotation  then  carries  the  chamber  around  away  from  the  gas  source  to  be  filled  again  with 
water.  Hie  many  chambers  in  the  cylinder  permit  a  continuous  delivery  of  reaction  thrust 
force. 

rsutooecAOE  rRoeiLirn 

Foa  has  developed  an  ejector  consisting  of  primary  jets  that  issue  out  of  angled  slots  in  a 
rotating  body  so  that  the  tet  sheets  follow  a  helical  path,  see  Figure  241  There  is  a  thrust- 
augmentation  effect  caused  by  the  unsteady  entrainment  of  a  secondary  inflow  into  the  duct 
by  some  amount  of  viscous  mixing,  also,  the  jet  sheets  tend  to  sweep  fluid  through  the  mixing 
duct  mechanically  as  blades  would  do.  Figure  242  from  Foa**1  shows  the  orientation  ot  the 
angled  slots.  Plots  of  predicted  thrust  augmentation  arc  plotted  against  the  area  ratio  A,  A,, 
with  contours  of  0,  in  Figure  243.  The  notation  is  identified  in  the  figure. 


11)0  Foa  paper*01  is  a  limcly  survey  of  the  results  available,  anil  it  provides  a  substantial 
reference  list. 

DISCUSSION  With  regard  to  the  possible  application  of  any  of  the  waterjet  propulsors  to 
submarine  control,  sa> .  as  a  tilt-jet  device,  most  of  the  same  remarks  concerning  directional 
propellers  apply  here  as  well. 

1.  At  high  speeds,  the  production  of  lateral  control  forces  by  a  laterally  directed  jet 
stream  is  poor  and  grows  steadily  worse  as  the  forward  speed  increases. 

2.  ITie  mechanisms  needed  for  a  tilting  or  swiveling  waterjet  would  be  complex. 

3.  Comparing  the  static  or  nearly  static  performance  of  propellers  with  that  of  waterjets 
(Figure  IKS)  indicates  quite  clearly  the  superiority  of  the  axial  flow  type  of  ‘pump’  device, 
i.e.,  a  ducted  propeller.  This  general  conclusion  applies  to  the  augmented  waterjet  devices  as 
well,  with  the  possible  exception  of  the  augmented  ejector. 

Aside  from  being  capable  of  moving  a  submarine  hull  sideways  at  zero  or  low  speed,  an 
arrangement  of  onentablc  waterjets  could  not  duplicate  the  directness  and  simplicity  of  a 
deflectable  lifting  surface  for  producing  a  lateral  control  force. 


Figure  23 7  Principal  Parts  of  a  Water-Ramjet 
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NAME  Vortex  Propeller. 

DEFINITION  AND  OPERATION  I  lie  vortex  propeller  is  a  disk-shaped,  impeller-pump,  propul¬ 
sion  devtec,  consisting  of  a  multibladed  rotor  that  turns  inside  a  specially  sha|x-d  housing.  It 
is  capable  of  p'  'ducing  a  thrust  force  in  any  selected  direction  in  the  plane  ol  the  rotor, 
accompanied  by  a  lilt  force  along  the  axis  of  rotor  rotation.  A  sketch  of  this  device  is  shown 
in  Figure  244.  reproduced  Iron  I  aggart.20*  who  presents  a  discussion  of  this  concept  in 
conjunction  with  the  maneuvering  and  propulsion  of  supertankers 

In  I  igure  244.  the  (loss  through  the  housing  (Figure  244hi  is  from  right  to  left  and 
downward  into  the  plane  of  the  paper  Ihc  thrust  force  in  this  case  is  toward  the  right,  and 
the  lift  force  is  upward  out  of  the  plane  of  the  paper  The  housing  consists  of  upper  and 
lower  chambers  divided  by  a  separation  plate  having  the  same  thickness  as  the  rotor  hydrofoil 
lilt  elements  Flow  passes  through  the  device  along  a  vortical  path  in  through  the  suction 
chamber,  open  to  surrounding  fluid  only  on  the  right  down,  and  out  through  the  discharge 
chamber,  open  to  the  surrounding  fluid  only  to  the  left 

I  he  proportion  ot  lift  to  thrust  is  determined  by  the  rotor-blade  configurations,  and  (In¬ 
direction  of  the  thrust  is  determined  by  the  housing  arrangements  and  the  alignment  of  the 
suction  and  discharge  openings  According  to  the  description  given  by  I  .igg.u t  .*"•  typical 
thick  nesxto-diu  me  ter  ratios  of  the  pill  like  housing  would  be  I  5  or  I  4  Figure  245  shows 
sketches  reproduced  from  laggart202  showing  how  a  group  of  four  of  these  vortex  propellers 
could  be  used  to  propel  and  maneuver  a  tanker  ship 

DISCUSSION  lor  possible  application  to  submarine  control,  it  is  conceivable  that  small  thin 
versions  of  these  thruxt-and-hft  units  could  be  mounted  vertically  either  at  the  tips  of  subma¬ 
rine  stem-control  planes  or  as  retractable  devices  near  the  bow  of  a  submarine  In  such 
arrangements,  the  thrust  force  of  the  vortex  propeller  would  In-  acting  in  Ihc  longitudinal 
plane,  pitch  and  heave  control,  while  the  propeller  “lift"  force  acting  at  a  right  angle  to  the 
plane  of  the  rotor  could  be  used  for  lateral  control,  for  yaw  and  sway  Use  of  the  propeller 
forces  would  probablv  be  restricted  to  low-speed  operation  Quantitative  performance  data 
are  not  available  at  this  time,  however,  it  would  appear  that  because  of  the  rather  short 
internal  fluid  path,  the  losses  would  be  relatively  low.  and  the  efficiency  of  the  vortex  propeller 
might  be  better  than  an  ordinary  convcrgwg-noirjc  watcnct 

Problem  areas  would  include  noise,  extra  complications  of  the  machinery  for  powering 
and  control,  and  loss  of  thrust  effectiveness  in  the  transverse  direction  as  the  forward  speed 
increases 


333 


[MUHAN'.t  HttAut  it  .  <* 


I  yurr  244b  Vortex  Prwptllfi 
Mousing  PUn  Vk* 


I  Igurr  244*  Nortrx  Propeltcr  Rotor 


figure  244  \ortex  Propeller 


•  »l**'Vt  *  i  <"*»  4lft«»P 
9  OH  l»»t  tuns  **»<*»• 


Figure  245  Various  CombiiuMion*  of  Thrust 
Vector  Directions  for  Maneuvering.  Uring  Four 
Vortex  Propellers  Mounted  on  Hull  of  a 
Surface  Ship 


SECTION  B  MAIN  PROPELLERS 


In  this  section  the  following  are  considered 

1.  Vertical  Axis  or  Cycloidal  Propellers 

2.  Controllable  Pitch  Propellers 

3.  Propellers  with  Mow  Controls 

Here  we  consider  a  twofold  purpose  of  the  main  propulsion  system  The  first  is,  of 
course,  to  provide  the  propulsive  force  for  forward  motion  The  second  is  the  possible  use  of 
the  main  propulsive  unit  for  control  purposes  also  Present  submarines  use  the  main  propulsive 
unit  strictly  tor  producing  longitudinal  thrust,  e  g  ,  control  in  only  this  single  degree  of  freedom. 
The  propulsive  device  is  usually  a  single  standard  screw  propeller  of  large  diameter  with  respect 
to  its  hub  diameter  Typically  the  propeller  is  of  fixed  pitch,  though  controllable  pitch  has 
also  been  considered. 

The  discussion  here  is  centered  around  using  fixed  propellers  of  different  types  that  can 
achieve  force  variations  in  any  direction  by  certain  variations  in  blade  motion.  The  word  fixed. 
mentioned  previously  means  that  the  unit  is  fixed  in  location  and  orientation  3s  compared  to 
steerable  propellers,  jets,  etc  .  discussed  in  Section  A  We  will  consider  only  units  whose 
function  is  also  to  provide  the  main  motive  thrust  for  the  submarine  These  will  usually  be 
restricted  in  number  to  one  or  two  units  We  will  not  consider  auxiliary  devices  used  for 
steering  but  not  for  main  motive  thrust.  Neither  are  systems  of  many  small  units,  each 
individually  controllable,  considered.  Though  such  systems  arc  possible,  they  are  clearly 
unsuitable  for  large  submarines  because  of  mechanical  complexity  and  of  low  efficiency  at 
cruise  and  at  high  speed 

Because  the  devices  considered  here  must  be  used  for  main-propulsion  purposes,  two 
points  must  be  kept  in  mind  ( 1 1  The  efficiency  at  cruising  must  be  at  least  comparable  to 
present  day  single-svrew  submarines,  which  is  quite  good,  however,  enough  thrust  must  be 
produced  at  given  engine  power  so  as  not  to  unduly  degrade  high-speed  capability.  (2l  At 
low  speed,  all  power  must  not  be  sapped  just  to  provide  forward  speed,  hence,  sufficient 
power  should  be  available  to  produce  necessary  control  forces 

Johnson  and  Harr"'"'  have  considered  various  propulsive  devices  which  may  be  used  for 
both  propulsion  and  maneuvering  control.  They  emphasized  low  speed  operation  for  small 
deep-diving  submarines  and  were  concerned  with  weight,  si/e.  and  attainable  control  forces 
Therefore,  some  of  their  work  is  directly  pertinent  to  the  present  survey.  They  present  a  plot 
showing  optimum  thrust  efficiency  of  four  types  of  propulsion  systems  which  is  of  considerable 
interest  figure  24o  reproduced  from  Reference  203  shows  the  approximate  efficiencies  rj 
versus  power  parameter  K  that  arc  attainable  for  the  following  types  of  propellers  standard 
free.  Kort  no/vlc.  Haselton.  and  vertical  axis.  We  will  be  mainly  interested  in  the  vertical  axis 
and  Haselton  propellers  It  is  immediately  evident  that  a  substantial  price  in  efficiency  must 


be  paid  to  obtain  the  control  capability  of  these  propellers.  Other  disadvantages  will  be 
detailed  later. 

In  Figure  24b,  the  power  parameter  is 
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where  J  *  V/n  D 

V  *  forward  speed 

n  =  revolutions  per  second  of  the  propeller 
l)  3  diameter  of  the  propeller 

k,  3  T  pnJ  I)4  where  1  3  thrust  in  pounds  produced  by  the  propeller,  and  p  3  density 
of  the  fluid  medium. 

The  propeller  efficiency  is 
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where  0  is  the  torque  supplied  to  the  propeller. 


NAME:  Vertical  Axis  or  Cycloidal  Propellers 

DESCRIPTION  ANO  FORCE  ESTIMATES  The  vertical  axis  or  cycloidal  propeller  derives  its 
name  from  the  fact  that  the  propeller  blades  are  normal  to  the  plane  of  rotation,  and  this 
plane  is  parallel  to  the  free  stream.  The  name  “cycloidal”  refers  to  the  blade  path  under 
condition  of  zero  slip  These  propellers  are  usually  mounted  in  Hat  sides  or  on  the  bottom  of 
a  hull  surface  whose  plane  is  parallel  to  the  tree  stream 

Figure  247  shows  a  view  of  a  vertical  axis  propeller  looking  down  on  the  propeller  plane 
or  disk.  S  is  called  the  steering  center  and  is  positioned  so  that  the  blades  have  motion  that 
keeps  their  chord  normal  to  the  line  joining  Sf  with  a  fixed  point  of  the  blade.  These  propel¬ 
lers  produce  forces  only  in  the  plane  of  the  disk.  so.  if  control  is  to  be  achieved  in  all  six 
degrees  of  freedom,  at  least  two  of  these  propellers  must  be  used  having  disks  that  are  at  right 
angles.  In  a  possible  application  to  a  submarine,  a  group  of  vertical  axis  propellers  could  be 
used  as  a  main  propulsor,  as  an  auxiliary  control  device,  or  both.  As  conceptual  examples. 
Figures  24Ku  and  24Kb  show  arrangements  of  cycloidal  propellers,  where,  for  instance,  the  two 
horizontal  propellers  could  be  used  strictly  as  pitch  control-force  producers  for  maneuvering 
in  the  vertical  plane  Of  course,  they  could  also  provide  horizontal  thrust  force  for  propulsion. 

Figure  24‘)  shows  the  two  types  of  cycloidal  blade  motion,  neglecting  changes  in  blade 
angle  relative  to  the  propeller  disk  The  relevant  kinematic  parameters  of  the  cycloidal 
propeller  are 

P  =  propeller  pitch  *  V  n  »  ratio  of  forward  velocity  at  zero  slip  condition,  to  the  rate 
of  rotation  Geometrically,  the  propeller  pitch  is  P  =  2*XK  where  X  is  the  distance  from  the 
center  of  rotation  to  the  steering  center  as  a  fraction  of  the  disk  radius  K 

P  l)  =  X*  =  nondimcnsional  pitch  ratio. 

J  *  advance  ratio  “  »V  wR  *  Vo/nl),  where  n  =  w  2*  and  Vc  is  the  free  stream  velocity. 

0  s  steering  angle,  delincd  as  the  angle  between  the  right  hand  normal  to  the  direction  of 
V  and  the  line  joining  the  center  of  rotation  with  the  steering  center,  see  Figure  24" 

The  steering  angle  0  controls  the  direction  of  the  resultant  force  produced  by  the  propeller 
relative  to  the  direction  of  propeller  advance.  Hie  magnitude  and  direction  of  the  resultant 
force  depends  in  a  complicated  way  upon  the  three  parameters  described  previously. 

Fickcn  and  Ihckerson*’04  present  extensive  data  on  the  forces  produced  by  a  vertical  axis 
propeller  as  a  function  of  P/tD.  J.  and  0.  To  provide  some  idea  of  the  magnitude  and 
character  of  the  forces  produced,  some  sample  data  from  Reference  204  arc  reproduced  here 
Figures  250  through  252  show  the  variations  of  efficiency  rj.  thrust  coefficient  KT .  and  torque 
coefficient  Ky  for  a  six-bladcd.  ^-inch-diameter  propeller.  These  performance  coefficients  are 
defined  as  follows 
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where  h  is  the  blade  length  Note  that  these  are  special  coefficient  definitions 

I  mm  f  igure  250  we  note  that  the  open  water  efficiency  of  this  propeller  is  hounded 
above  b\  rj  '  ().t>5  Ihe  maximum  efficiency  is  reached  at  a  I’  iri)  of  approximately  0.1>  In 
contrast  to  this,  the  open  water  efficiency  of  a  standard  screw  propeller  may  reach  tj  =  0.75 
or  even  higher,  see  Reference  173.  It  is  fair  to  say  that,  at  least  at  the  present  time,  vertical 
axis  propellers  are  inferior  to  standard  screw  propellers  in  terms  of  open  water  propulsion 
efficiency.  Furthermore,  the  propeller-hull  combination  favors  the  screw  propeller  over  the 
vertical  axis  propeller  because  the  screw  propeller  makes  better  use  of  the  wake. 

f  igures  251  and  252  show  the  thrust  and  torque  coefficients  in  terms  of  the  advance 
ratio  J.  flic  curves  resemble  those  of  standard  screw  propellers 

The  most  interesting  property  of  a  vertical  axis  propeller  is  its  capability  of  producing 
a  directional  force  in  the  plane  of  the  disk  figure  253  is  a  polar  plot  of  ks  versus  kT  with 
0  and  J  as  parameters,  k  j  coincides  with  the  thrust  force  f.  measured  in  the  direction  of  the 
oncoming  stream,  and  ks  coincides  with  the  side  force  S,  measured  perpendicular  to  1 
nondimensionali/ed  in  the  same  was  as  k;  llu-  positive  sign  of  ks  corresponds  roughly  with 
steering  angles  o  <  0  <  *  The  circle  contour  centered  about  the  origin  is  the  bollard  thrust 
performance,  i  e  .  force  produced  at  zero  advance  ratio.  Note  that  nearly  equal  thrust  can  be 
achieved  in  any  direction  of  the  propeller  disk  when  V  -  0  Hie  resultant  force  vector, 
measured  with  respect  to  the  direction  of  Vo.  can  be  determined  from  the  direction  of  the 
line  segment  in  I  igure  253.  given  the  operating  conditions  J  and  $  The  stcsrmg  angle 
imposed  on  the  propeller  in  order  to  achieve  thrust  in  a  given  direction  with  the  hull  center- 
line  will  vary  with  the  instantaneous  motion  of  the  hull 

I  xtrcmclv  large  side  forces  arc  obtainable,  especially  at  large  values  of  J.  although  even  at 
low  speed  and.  thus,  small  J  values,  fairly  sizable  side  forces  can  be  achieved.  This  means  that 
these  propellers  are  capable  ot  providing  good  maneuvering  characteristics  through  a  large  speed 
range,  a  fact  that  has  been  recognized  for  some  time. 

Other  experimental  data  for  cycloidal  propellers  arc  provided,  for  example,  by- 
van  Marten.20*  Mendenhall  and  Spangler20*  present  some  interesting  insight  about  the 
operation  of  these  propellers  with  their  analysis 


<44 


0  9*  PITCH  RATIO 


L  1  1  11111 _ I _ I _ I - 1 - 1 - 1 - 1 - 1 - 1 - *- 

20  -100  -80  -60  -4  0  -20  0  20  40 

THRUST  COEFFICIENT  <T 

I  mure  25.1  Full  Circle  Polar  Diagram  for  Vertical  \\i>.  Propeller 

204 


f  9i  krrt  and  Dk  krrmn 


DISCUSSION  l  or  application  to  the  problem  of  submarine  control,  there  are  several  impor¬ 
tant  objections  to  the  use  of  cycloidal  propellers,  f  irst,  there  would  be  a  problem  with 
mechanical  complexity,  both  with  providing  rotary  motion  along  an  axis  perpendicular  to  tin 
hull  centerline  and  with  the  mechanisms  required  to  alter  the  steering  angles.  Second,  as  a 
main  propulsor.  the  cycloidal  propeller  displays  a  performance  that  is  not  on  a  par  with  that 
ol  a  screw  propeller;  further,  the  geometry  does  not  permit  as  desirable  a  location  within  the 
wake  as  does  an  ordinary  screw  The  slim  blades  protruding  normal  to  the  hull  would  be 
vulnerable  to  damage,  unless  they  were  protected  by  a  cage. 
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NAME  Controllable  Pitch  Propellers 

DESCRIPTION  AND  FORCE  ESTIMATES  1  wo  distinct  types  of  controllable  pitch  propellers 
will  be  discussed  (I)  the  Haselton  propeller  system,  and  (2)  ordinary  controllable  pitch 
screws  with  rake. 

Very  Large  Hub.  Haselton,  Propellers.  The  very  large  hub  or  Haselton  profiler  for  a  subma¬ 
rine  consists  of  small  blades  arranged  around  the  periphery  of  a  large  hub  The  propellers  may 
be  placed  at  convenient  axial  positions  along  the  submarine,  each  one  with  a  hub  diameter 
equal  to  the  submarine  diameter  at  that  position  large  hub  propellers  typically  have  hub-to- 
propellcr  diameter  ratios  from  0.5  to  0 .**,  whereas,  for  ordinary  screw  propellers,  this  ratio  is 
much  smaller  \  sketch  of  the  Haselton  configuration  is  shown  in  Figure  254.  file  principle 
feature  of  the  individual  large  hub  propeller  is  that  there  is  sufficient  space  for  mechanisms  to 
provide  both  collective  and  cyclic  pitch  control  lor  the  blades  spaced  around  the  circumference 
of  the  hub  Hv  various  combinations  of  blade-pilch  angles,  lateral  forces  as  well  as  a  longitu¬ 
dinal  thrust  force  can  be  generated.  An  extensive  experimental  and  theoretical  investigation 
ot  the  Haselton  pro  (seller  configuration  is  given  for  example  in  Reference  207.  Further 
experimental  data  obtained  for  a  particular  large-hub  arrangement  are  presented  by  Joosen 
et  al.1*’*  These  data  form  the  basis  for  the  present  outline  The  geometry  and  dimensions  of 
the  model  tested  in  Reference  20N  arc  given  in  the  caption  of  Figure  254  lest  results  in 
Reference  20*  pertain  to  a  single  Haselton  propeller  with  or  without  a  shroud,  and  in  either 
the  fore  or  the  alt  location  No  experiments  were  made  with  the  tandem  arrangement,  both 
fore  and  aft  propellers  operating  together. 

CONGITUOINAl  THRUST  PiRFORMANCt 

Using  collective  pitch  only,  the  large  hub  propeller  produces  an  axial  thrust.  Figure  255 
shows  the  typical  variation  of  thrust  and  torijuc  coefficients  and  efficiency  versus  advance 
ratio  A,  for  a  front  mounted  shrouded  propeller  from  Reference  207.  The  usual  propeller 
coefficient  definitions  apply  in  this  case 

Kt  *  T/pn:  I)4 
Ky  -  Qip  n;I)' 
rj  «  AKT/2»Ky 
A  *  V/nD 

where  the  thrust  and  torque  are  denoted  by  1  and  Q.  respectively.  Further  details  showing 
the  differences  between  the  performance  of  front  and  rear  mounted  propellers  and  discussions 
about  the  effects  of  the  shrouds  at  various  advance  ratios  can  be  found  in  Reference  20R 
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As  seen  in  Figure  255.  the  maximum  efficiency  obtained  with  the  tested  large  hub  propeller 
is  about  70  percent,  which  is  lower  but  comparable  to  the  open  water  maximum  values  of 
ordinary  screw  propellers. 

Figure  256.  reproduced  from  Reference  207.  shows  an  extrapolation  to  full  size  of  the 
available  thrust  versus  speed  for  tandem  large  hub  propellers  These  data  are  simple  summations 
of  the  separate  test  data  for  the  front-  and  rear-mounted  propellers  for  the  model  of  Figure  254. 
waled  by  the  factor  20  I  IT»e  full-wale  submanne  represented  in  Figure  256  has  a  length  of 
82  meters  (269  feet*  and  a  diameter  of  12  meters  (—  40  feetl.  with  a  distance  between  propel¬ 
lers  of  52.8  meters  (173  feet*.  Only  the  rear  propeller  is  shrouded 

TRANSVERSE  FORCE  PERFORMANCE 

Side  and  vertical  forces  arc  produced  using  a  cyclic  variation  of  the  pitch.  This  refers  to 
the  change  in  a  blade-pitch  angle  which  varies  continuously  and  periodically  as  a  blade  sweeps 
through  each  revolution  of  the  propeller  In  References  207  and  208.  it  is  found  that  the 
lateral  forces  arc  very  small  taken  by  themselves.  For  example.  Figure  257  shows  sample  data 
for  the  transverse-force  coefficients  and  Kf  as  functions  of  advance  ratio  A,  for  typical 
values  of  collective  pitch  #o.  and  for  cyclic  circumferential  angle  ^  given  by 

8  •  0  +  <1,  sin  * 

Definitions  of  the  transverse  force  coefficients  for  side  and  vertical  (orccs.  respectively,  are 

K4  ■  Fy  lpn:  I)4 
K,  *  F,/pnJD4 

In  Figure  258.  K(  and  Kf  arc  presented  in  polar  form  for  various  A's  Note  that  the  magnitude 
and  direction  of  the  transverse  forces  depends  on  forward  speed  All  the  foregoing  results  are 
for  the  body  at  zero  angle  of  attack. 

Roll  moments  can  be  created  by  cither  cyclic  pitch  control  of  one  propeller  or  by  the 
unbalanced  torque  from  the  propellers  in  the  tandem  setup. 

Although  the  lateral  forces  are  small  -  typically  40  or  50  times  smaller  than  the  thrust 
force  -  the  distance  from  the  propellers  to  the  center  of  gravity  of  the  vehicle  can  be  made 
large  on  an  elongated  body  so  that  substantial  pitch  and  yaw  moments  can  be  achieved  on 
the  body 

POWER  REQUIREMENTS 

Information  about  the  power  required  to  create  transverse  forces  by  cyclic  pitch  control 
will  be  presented  indirectly  as  sample  plots  of  the  changes  in  axial  thnist  and  torque  versus  A 


Figure  256  Fttrapolaled  Thrust  Performance  of  Tandem  Very  Large  Huh  Propellers  on  a 
Body  2f>9  Feet  Long  anti  40  Feel  in  Diameter 


Figure  25H  Vccton.il  Representation  of  Trarmersc  Force  Developed  In 
Very  l-arge  Hub  Propeller 


with  contours  of  the  collective  pitch  angle  t>o.  Figures  259  show  a  sample  of  such  data,  which 
indicate  that  the  imposition  of  cyclic  pitch  is  usually  accompanied  by  a  decrease  in  KT  and  an 
increase  in  ku  Using  the  data  from  Figures  257  and  259  for  0Q  -  26°.  representative  perfor¬ 
mance  ratios  of  force-to-powcr,  due  to  a  cyclic  pitch  amplitude  of  0{  *  K°,  are  found  to  be 
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These  ratios  pertain  to  the  performance  at  A  =  0.75.  for  which  the  propeller  with  0o  =  26° 
experiences  a  maximum  axial  thrust  efficiency  ol  approximately  r?  =  0.53.  from  the  other 
data  included,  it  can  be  seen  that  operation  at  a  larger  collective  pitch  angle  0Q  tends  to 
increase  the  efficiency  of  axial  thrust  but  reduces  the  capability  of  producing  transverse  forces. 
Note,  however,  that  the  Ak(J  curves  do  cross  zero  at  approximately  A  =  0.9.  presumably,  an 
optimum  system  could  be  directed  toward  this  condition. 


DISCUSSION  Although  the  Haselton  variable  pitch  propeller  configuration  offers  the  possi¬ 
bility  of  producing  simultaneously  propulsive  thrust  and  transverse  control  forces,  the  system 
taken  as  a  whole  appears  undesirable.  The  complexity  and  cost  of  mechanisms  needed  to 
drive  the  hub  rotation  and  to  control  the  blade-pitch  programing  for  propellers  the  size  of  a 
submarine  diameter  would  be  staggering.  Noise  would  undoubtedly  be  a  big  problem  with  a 
device  so  large.  Unshrouded  versions  of  the  Haselton  propellers  would  be  vulnerable  to 
damage  Based  on  available  test  results,  the  Haselton  propeller  system  would  be  relatively 
inefficient  as  a  main  propulxor  and  marginal  as  a  control-force  producer  because  of  the 
apparent  contrary  trends  between  axial  thrust  efficiency  and  the  magnitude  of  transverse 
forces.  Little  is  known  about  the  Haselton  system  performance  when  the  body  is  inclined  to 
the  flow. 


Controllable  Pitch  Propellers  with  Rake.  The  capability  of  producing  simultaneously  axial 
thrust  and  transverse  forces  can  be  designed  into  a  single-screw  propeller  by  incorporating  the 
following  features 

I  Controllable  pitch,  both  collective  and  cyclic 

2.  Raked  blades 

3.  Moderate  hub-to-diameter  ratio. 

Raked  blades  are  necessary  to  achieve  sufficient  magnitude  of  the  side  forces,  sec  Figure  260 
for  typical  curves  of  side  forcc-to-thrust  ratio,  obtained  using  simple  helicopter  theory.  The 
moderate  sized  hub  must  be  big  enough  to  house  the  blade  pitch  mechanism  while  being 
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small  enough  to  avoid  a  penalty  in  efficiency,  characteristic  of  large  huh  propellers. 

Rake  has  the  effect  of  decreasing  the  axial  thrust  force  by  a  tactor  proportional  to  cos  a 
where  ao  is  the  rake  angle,  see  Figure  260.  Hence  for  rake  angles  between,  say.  25°  and  40°, 
the  reduction  in  thrust,  compared  with  zero  rake,  would  be  in  the  range  from  10  to  20  percent, 
which  is  a  large  degradation. 

Figure  26l,  reproduced  from  Peach,309  shows  an  example  of  a  raked,  controllable  pitch 
propeller  having  three  blades,  diameter  ol  5.5  feet,  and  rake  angle  a  of  30  degrees 

FORCE  ANO  pomn  ESTIMATE 

Denny*1'1  has  provided  some  experimental  djta  concerning  performance  of  a  six-bladed 
unraked  propeller  having  a  hub  to-diameter  ratio  of  0  5  Ihe  thrust,  torque,  and  efficiency 
were  inferred  from  measurements  of  thrust  and  spindle  moment  on  a  single  blade.  The  blade 
was  rectangular  in  shape  with  no  camber  or  twist.  Figure  2o2  shows  the  thrust  and  torque 
coefficients  for  the  propeller  versus  advance  coefficient  J  for  various  blade  pitch  angles  0. 

Figure  263  shows  the  propeller  efficiency  tj  as  a  function  of  J  for  several  pitch  angles.  For 
comparison.  Figure  263  also  shows  a  performance  curve*’10  for  a  propeller  having  blades  that 
were  conventionally  shaped,  which  was  designed  for  high  cruising  speed  efficiency  using  a 
lifting  surface  design  program.  The  rectangular  blade  propeller  has  a  rather  poor  thrust 
performance,  however,  the  results  arc  interesting  because  from  the  single-blade  data,  estimates 
were  made  of  the  side-force  performance  of  the  complete  six-bladed  propeller  at  various  cyclic 
Pitch  and  blade-rake  angles  Figure  2M  shows  the  sanation  of  the  side-force  coefficient  K, 
versus  the  cyclic  pitch  angle  amplitude  at  zero  advance  at  several  rake  angles  For  a  cyclic 
pitch  amplitude  of  15°,  a  blade  rake  of  35°  is  needed  for  to  be  I  10  of  the  magnitude 
of  Kt. 

Some  information  is  available  concerning  the  static  thrust  and  power  performance  of  the 
thrce-bladed.  3‘>  raked  V  A  R I V  F  (  propeller  of  Figure  261  Peach209  indicates  that  at  K 
horsepower,  the  5  5  foot  diameter  propeller  delivers  755  pounds  static  axial  thrust  at  (collective 
pitch)  =  27  S’,  and  275  pounds  static  transverse  force  at  6  (cyclic  pitch  amplitude)  =  27.5  This 
means  the  thrust  and  side  force  “static  merit  coefficients”  (Fquation  (111))  are 
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Recall  that  for  an  unducted,  unshrouded  propeller  the  ideal  maximum  static  merit  coefficient 
is  C(B)  =  v/7.  there  is  a  substantial  loss  of  thrust  effec  tiveness  here,  probably  due  to  rake 
Optimization  of  a  raked,  cyclic  pitch  propeller  would  involve  numerous  parameters, 
including  *hc  shape  of  the  body  on  which  the  propeller  is  mounted  and.  at  b;st.  would  be  a 


F  igure  261  Three- Blacletl.  39-Degree.  Raker)  Controllable  Pitch  Propeller.  VARIVEC 
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complicated  compromise  between  having  adequate  axial  thrust  efficiency  and  sufficient  side- 
force  capability. 

DISCUSSION:  As  with  the  Haselton  propeller  arrangement,  a  single  screw,  raked,  controllable 
pitch  propeller  could  conceivably  combine  ihe  capability  of  side-force  production  together  with 
axial  thrust.  However,  the  same  type  of  problems  would  be  attendant:  extreme  complexity 
and  cost  as  well  as  inferior  efficiency  as  a  main  propulsor  when  rake  is  used  to  boost  side- 
force  performance. 
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NAME:  Propellers  with  Flow  Control 

DESCRIPTION:  Conceptually  there  exist  several  possibilities  for  producing  transverse  forces 
by  the  use  of  flow  control  on  the  blades  or  duct  of  a  propeller  system  that  is  operated  as  a 
main  propulsion  device.  There  are  no  known  test  data  or  theoretical  estimates  for  the  perfor¬ 
mance  of  these  schemes  on  water  propellers  for  this  purpose,  thus,  only  word  descriptions  are 
included  here  These  are  supposed  to  be  provocative  suggestions. 

Flow  Control  on  Shrouds  or  Ducts.  If  the  main-propulsion  screw  is  a  ducted  propeller,  various 
lift-augmenting  schemes  discussed  in  Chapter  I  Section  B  about  blowing  and/or  suction  could 
be  applied  to  segments  of  the  periphery  of  a  propeller  duct.  The  resultant  thrust  of  the  system 
could  be  skewed  at  an  angle  to  the  centerline,  thus  producing  a  transverse  control  force.  An 
example  of  this  type  of  concept  already  noted  in  Chapter  1  is  pictured  in  Figure  80.  repro¬ 
duced  from  the  U.S.  patent  of  Oostcrveld. 

Flow  Control  on  Propeller  Blades.  Ihe  whole  host  of  flow-control  ideas  discussed  in  Chapter  1 
Section  B  could  conceivably  be  applied  to  the  individual  blades  on  a  main  propeller  for  the 
purpose  of  cyclic  pitch  control.  Of  course  the  field  of  likely  candidates  can  be  narrowed 
considerably.  For  example,  as  discussed  earlier,  slot-blowing  techniques  generally  appear  to  be 
better  suited  to  applications  in  water  than  do  the  suction  concepts.  Overall,  the  best  slot¬ 
blowing  concepts  seem  to  have  better  hydrodynamic  performance,  see  Figure  174.  Moreover, 
the  marine  touting  problem  is  liable  to  be  more  serious  for  suction  schemes  than  for  slot 
blowing,  especially  for  arrangements  requiring  continuous  operation  of  the  flow  control. 

Many  of  the  slot-blowing  schemes  are  used  with  a  mechanical  flap.  Flapped  propeller 
blades  are  conceptually  possible.  but  entail  avoidable  complications.  Tins  eliminates  all  schemes 
employing  mechanical  changes  in  camber  and  leaves 

1.  Jet  flap,  with  no  control  flap 

2.  Circulation  control  by  tangential  jet  blowing 

V  Span  wise  blowing  as  lift-augmenting  concepts  that  arc  reasonable  for  application  to 
propeller  cyclic  pitch  control. 

1 1 )  The  jet  flap  has  already  been  explored  somewhat  for  the  purpose  of  augmenting  the 
axial  thrust  performance  of  an  ordinary  screw  propeller;  see  Hunt  el  al.:n  and  Lasky  and 
Cumming.212  However,  no  known  research  data  exist  concerning  the  use  of  a  jet  flap  for  the 
selective  cyclic  augmentation  of  blade  lift  that  would  effectively  produce  cyclic  pitch  variation. 

(2l  Circulation  control  bv  tangential  slot  blowing  is  a  more  effective  scheme  for  produc¬ 
ing  lift  than  is  the  jet  flap.  There  are  many  indications  of  this  fact  in  earlier  discuvsions.  A 
typical  example  of  the  inherent  superiority  of  the  (V  concept  over  the  jet-flap  lift-perfor¬ 
mance  is  shown  in  Figure  265.  reproduced  from  Fnglar.*  For  small  values  (C^  <  0.10) 
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Figure  265  Two-Dimensional  Lift  Characteristics  of  Blown  Elliptic  Airfoil  Shapes 
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the  1 5-percent- thick  OC  foil  displays  inure  than  six  times  the  lift  increment  realized  by  a 
1 5-perccnt-thick  jet  flap  foil  with  the  same  amount  of  blowing.  At  zero  incidence,  and 
*  1.0.  the  lift-augmentation  ratio  of  the  1 5-percent-thick  CC  foil  is  =  22.5, 

compared  with  the  jet-flap  value  of  ~  5.3.  A  similar  comparison  between  these  concepts  over 
a  wide  range  of  C\  is  revealed  in  the  curves  of  equivalent  lift-to-drag  ratio  versus  lift  coefficient 
shown  in  Figure  1 74. 

The  (  C  by  tangential  jet-blowing  concept  has  already  been  widely  explored  for  the 
purpose  of  collective  and  cyclic  pitch  control  of  helicopter  rotor  blades;  see  Wilkerson  et  al.m 
and  the  cited  references.  Conceptually,  the  application  of  this  flow-control  technique  to  water 
propellers  shows  promise  and  could  be  explored  for  the  purpose  of  side-force  production  as 
well  as  other  possible  performance  benefits.  Problems  areas  with  the  typically  bluff,  trailing- 
edge  foil  shapes  will  include  cavitation,  noise,  and  drag  if  the  foils  are  ever  operated  without 
blowing  Also,  the  typically  low-aspect-ratio  water  screw  blades  may  suffer  more  deleterious 
end-effects  than  do  large-aspect-ratio  rotor  blades. 

(3)  A  third  Hapless  form  of  lift  augmentation  is  spanwise  blowing.  This  technique  has 
the  virtue  of  being  extremely  simple;  however,  it  displays  relatively  poor  lift  augmentation. 

3  to  5;  it  also  requires  large  foil  angle  of  attack  to  be  effective.  (Spanwise 
blowing  at  a  flap  knee  requires  a  large  flap  angle.)  It  might  be  interesting  to  consider  the 
spanwise  blowing  idea  oi  ropcller  blades  for  the  off-design  condition  in  which  the  blades  see 
a  large  flow  angle  of  attack.  As  for  cyclic  pitch  control  to  achieve  propeller  side  forces,  the 
spanwise  blowing  concept  dives  not  look  appealing.  One  important  question,  for  example,  is 
the  time  required  for  the  effect  to  build  up  when  the  jet  is  turned  on  and  vice  versa  Cyclic 
pitch  control  would  require  a  fast  responding  flow  effect 

Fvcn  if  flow-control  concepts  could  be  used  for  cyclic  pitch  control,  it  is  likely  that  the 
transverse  forces  would  be  too  small  to  be  interesting,  unless  blade  rake  were  used  Unfortun¬ 
ately  blade  rake  is  accompanied  by  a  decrease  in  axial  thnist  efficiency. 
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CHAPTER  3.  EXTERNAL  FORCE  DEVICES 


A  few  examples  of  external  force-producing  concepts  arc  discussed  in  this  chapter.  The 
word  ‘•externa!"  refers  to  the  fact  that  these  devices  act  on  the  fluid  some  distance  away  from 
the  body  or  control  surface  as  well  as  on  the  fluid  adjacent  to  the  body.  The  distinction  is 
more  a  matter  of  emphasis  than  a  fundamental  hydrodynamic  characteristic.  Electromagnetic 
devices  and  deployable  drag-  and  lift-producers  arc  included. 

SECTION  A  ELECTROMAGNETIC  DEVICES 

Electromagnetic  force-producers  are  operated  by  the  principle  that  a  conducting  medium, 
such  as  seawater,  passing  through  static  electric  and  magnetic  Helds  or  through  a  time-varying 
magnetic  Held  experiences  the  Lorcnt/  force.  The  fluid  body  force  can  be  used  for  propulsion 
thrust  or  conceivably  to  produce  transverse  forces  as  well.  As  far  as  is  known,  electromagnetic 
thrusting  has  been  discussed  only  in  terms  of  ship  or  submarine  propulsion,  see  Way214  and  the 
references  cited.  Figure  266,  reproduced  form  Way.214  indicates  the  variety  of  schemes  that 
have  been  considered  for  propulsion  There  arc  two  main  types  internal  electromagnetic 
pumps,  using  either  the  simple  crossed-field  arrangement  shown  in  Figure  266a  or  the  linear 
induction  setup  shown  in  Figure  266b.  The  external  flow  approach  may  also  employ  either 
crossed  Helds  as  shown  in  Figure  2 66c  or  a  varying  magnetic  field  as  in  Figure  266d. 

The  internal  duct  systems  are  essentially  waterjets  that  arc  "pumped"  by  the  Lorentz 
force.  Examples  of  both  the  induction  method  and  the  crossed  Held  method  arc  presented  by 
Phillips215  and  by  Doragh.2*6  respectively.  In  general  these  internal  duct  systems  suffer  the 
same  low  efficiency  as  do  the  other  waterjet  schemes  discussed  earlier  Nevertheless,  it  is  easy 
at  least  to  visualize  hov.  the  exit  jet  stream  from  such  a  device  could  be  turned  by,  say.  guide 
vanes  or  Haps  in  order  to  produce  transverse  control  forces  on  the  body. 

With  the  external  systems,  on  the  other  hand,  it  is  possible  to  use  a  small  body  force, 
applied  to  a  large  volume  of  the  surrounding  water,  with  the  result  that  a  higher  ideal 
efficiency  can  be  achieved;  see  Phillips215  and  Way  214 
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figure  266a  Internal  Ho* .  d< 


figure  2 666 


luitrn.il  Flow,  Induction 


I  igurr  266c  f  eternal  Flow .  d-c 
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figure  266d  External  f  low .  Induction 


kJ  V-> 


4if»intl«T«  and  (li*«l«anlajtr*  of  different 
tnell><>d>  of  eleetmma«netir  propoUion 


M*o»od 

A4«  mt«|N 

mui« 

I«l««n«l  4  r 

(  otn|«<  1  6i|nl  MlrrM1 

A*4 

Lo«  «.  lat|»r  |«o«tw- 

UtWM  1  f 

(  I  »n  *i«rlrtvj*« 

Low  «  6oit*  nji#»ron- 

duriiKf 

4  r 

C~re>4  *  •o»  §nu  4i*lgflv 

»K* 

ft*t4* 

f  «  r 

Nr« 

Low  i  hoMup#m>«* 

4oeu*»f  rniinn 
6|'t*o4t6» 

I44i 

■*  ■■■  - - 

Figure  266 


Various  Methods  of  bkctromagnrtic  Propulsion 
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NAME:  External  Flow.  Static  Field  Thruster 


DESCRIPTION:  Using  direct  currents,  static  magnetic  and  electric  fields  are  set  up  between 
magnetic  coils  and  electrodes,  respectively.  When  these  “crossed  fields  interact  with  seawater 
streaming  past  the  hull,  a  spatially  varying  body  force  is  exerted  on  the  fluid  throughout  a 
large  external  volume  of  water.  Figure  267  shows  a  six-pole  arrangement  of  the  propulsion 
concept  discussed  by  Way. 2,4  The  active  field  region  extends  along  the  parallel  length  of  the 
body  over  which  there  is  an  average  fluid-velocity  field.  V  Extending  into  the  fluid  is  a  region 
in  which  a  current  density  per  unit  volume  j  is  set  up.  given  by 

T  =  o(F  +  V  x  B>  <  1 

where  F  is  the  electric  field  vector.  B  is  the  magnetic  induction,  and  a  is  the  conductivity  of 
seawater,  a  4-4.5  mho 'meter.  Hie  orientation  of  the  F  and  B  fields  as  well  as  the  current 
density  7  are  sketched  in  Figure  268.  There,  the  fluid-flow  direction  is  into  the  plane  of  the 
drawing.  The  effect  of  creating  the  crossed  F  and  B  fields  is  to  generate  an  eddy  current  j 
acting  circumferentially.  The  body  force  created  by  the  interaction  of  the  eddy  current  with 
the  B  field  is  the  Loren 1 7  force  per  unit  volume. 

f  *  j  x  B 

=  o|7  x  B  -  B:  V|  (1B4I 


so  that  part  of  the  force  ls  directed  in  the  direction  of  -  V.  and  part  of  the  force  depends  on 
the  orientation  of  I  x  B 

In  Figure  267.  of  course,  the  F  and  B  are  set  up  specifically  for  thrusting  in^  the  axial 
direction.  In  such  a  case,  the  ratio  of  the  magnitudes  of  the  static  fields  F  and  B  is  a  constant, 
say.  n.  so  that 

VB  =  n  f:  <l85> 

with  V  x  B  =  -  n  E  <»86) 

then  the  magnitude  of  the  current  density  is 

j  ■  oF(  1  -  n)  (187) 

Details  on  the  thrust  force  and  the  efficiency  arc  given  by  ''ay.*14  To  give  some  idea  ol  the 
si/c  of  the  fields  required  for  propulsion,  a  result  from  the  Way  paper  is  quoted  here.  For  a 
body  of  25.850  long  tons  displacement.  40(,  feet  in  length.  56.7  feet  in  diameter,  moving  at 
15  knots,  and  having  an  estimated  drag  coefficient  based  on  wetted  surface  of  0.00156. 


the  drag  is  about  6^,500  pounds,  and  the  required  critical  magnetic  induction  field  strength 
is  computed  by  Way:i4  to  be  7Wb/m*  =  7000  gauvs.  The  propulsive  efficiency  is  alledged  to 
be  81  percent.  The  current  required  from  one  anode  is  22,100  A,  and  the  voltage  between 
electrodes  is  4l>0  volts. 

For  application  for  the  production  of  control  forces,  it  is  possible  to  imagine  orientations 
of  I  and  B  so  that  Lorenz  force  components  ol  x  B  are  transverse  to  the  tree  stream 
direction.  Note  that  this  would  require  entirely  different  arrangements  of  the  same  type  of 
large  magnetic  conductors  and  electrodes  displayed  in  the  sketch  of  Figure  267.  Separate 
groups  of  these  elements  would  be  needed  for  both  vertical  and  horizontal  forces. 


DISCUSSION  Based  on  the  properties  of  the  propulsion  system  described  by  Way.*14  some 
general  remarks  can  be  made  about  this  class  of  devices.  Superconducting  magnets  would  be 
needed  to  support  the  anticipated  intensities  of  the  B  fit  .d.  There  would  be  numerous  pro¬ 
blems  with  the  power  and  geometry  of  the  refrigeration  system  for  the  magnet,  with  handling 
the  circulation  of  liquid  helium,  and  with  the  structural  support  system  of  the  coils  which 
must  withstand  very  large  forces.  All  this  would  be  very  expensive  and  bulky.  Ihe  spreading  ot 
the  external  magnetic  field  away  from  the  body  would  pose  a  serious  detection  threat  for  a 
submarine.  In  an  arrangement  for  producing  transverse  forces,  the  inherent  bulkiness  of  the 
magnet  and  electrodes  would  prevent  their  being  easily  movable  or  oricntable.  The  magnitude 
of  the  vertical  force,  say.  could  be  altered  by  changing  field  strengths  in  the  appropriate  group 
of  magnet  electrode  elements.  Taken  altogether,  this  class  of  force  producer  is  highly  unsuit¬ 
able  for  submarine  control. 


Figure  267  Six-Pole  Sialic  Field  Fxternal 
Flow  Electromagnetic  PropuWon 
Arrangement 


Figure  268  Orientation  of  Static 

E  and  B  Fields  for  One  Pair  of 
Magnetic  Conductor  Electrode 
C  oils  uses!  in  Scheme 
of  Figure  267 


NAME:  External  Flow,  Induction  Thruster 

DESCRIPTION.  In  the  induction  method  of  external  electromagnetic  propulsion,  a  magnetic 
field  with  an  intensity  proportional  to  sin  Mr  -  ct)  is  created  by  energizing  outward  facing 
magnetic  coils  successively  down  the  length  of  the  hull,  where  z  is  in  the  axial  dir  'tion.  The 
time-varying  radially  directed  magnetic  field  induces  a  circumferential  electric  field,  and  the 
resulting  eddy-cunent  density  is  also  directed  circumferentially.  If  B  is  the  time  varying 
magnetic  field,  the  induced  electric  field  is  given  by  a  form  of  the  Maxwell  equation 

AH  -♦ 

r«-VxE  (188) 

dt 

Figure  2t>9  shows  the  variation  of  the  magnetic  field  during  one-fourth  of  a  cycle.  The 
magnetic  wave  speed  c  must  be  larger  than  V,  the  water  speed.  No  electrodes  are  needed  in 
this  case  because  the  1-  field  is  created  by  the  time-changing  B  field.  The  longitudinal  Lorentz 
force  per  unit  volume  is  estimated  by 


f  —  o(c  -  ViB* 

since  c-V  is  the  velocity  of  the  magnetic  field  relative  to  the  water.  Details  concerning  the 
force  estimates  and  the  resulting  propulsive  efficiency  are  given  in  Phillips.215  As  an  example 
from  Phillips,  a  submarine  going  15  knots,  having  a  length  of  (>5<>  feet  and  a  diamctci  of  32.8 
feet,  with  an  estimated  drag  coefficient  based  on  wetted  surface  of  "  0.001  has  a  drag  of 
about  25.800  pounds.  With  a  magnetic  induction  amplitude  of  2500  gauss,  it  achieves  a 
propulsive  efficiency  '*  0.3. 

As  in  the  previous  case,  to  produce  transverse  forces,  entirely  different  orientations  and 
separate  groups  of  the  magnetic  coils  must  be  used  In  this  case,  of  course,  no  electrodes  are 
needed. 

DISCUSSION  The  same  remarks  presented  earlier  for  the  static  field  thruster  apply  here  as 
well  If  anything,  the  induction  scheme  appears  to  be  less  efficient  as  a  propulsion  device; 
in  any  case,  this  scheme  is  plainly  unsuitable  for  submarine  control 
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SECTION  B  DEPLOYABLE  DRAG  PRODUCERS  AND  GLIDERS 


NAME:  Parachutes  and  Drogues 

DEFINITION  AND  OPERATION:  Parachutes  and  drogues  arc  dtag-pi  'ucif'g  devices,  usually 
consisting  of  fabric,  or  some  sort  of  flexible  material,  which  when  fully  deployed  form  a 
canopy  or  baglikc  shape,  they  are  attached  to  the  load  by  means  of  rigging  lines  Such  devices 
are  folded  into  compact  packages  that  can  be  popped  open  when  a  large  restraining  drag  force 
is  required,  figure  270  shows  a  familiar  application  to  the  recovery  of  an  airborne  object, 
reproduced  from  Reference  217.  In  general,  parachutes  are  used  to  decelerate  and  or  stabilize 
a  body  moving  in  a  fluid. 

Extensive  technical  discussions  of  parachutes —  their  design  and  their  application  in  the 
aeronautical  field  -  are  found  in  the  I’SAI  Parachute  Handbook'1  as  well  as  in  the  books  by 
Brown1**  and  lloemer.*4  Hie  research  articles  by  Whicker  el  at  '|g  and  by  Heinrich’  "  are 
also  useful.  Waters  and  ( laic*’1  have  presented  information  about  the  use  of  parachutes  in 
both  air  and  water  and  how  to  compare  their  performance 

Force  Estimate. 

PARACHUTES 

The  basic  shape  of  a  simple  parachute  canopy  may  be  regarded  as  close  to  a  hemisphere, 
f  igure  271.  from  lloemer.*4  shows  that  an  impervious  cuphkc  drag  shape  closely  resembling 
a  hemisphere  will  give  the  maximum  drag  coefficient  (  „  I  4.  where  <  „  is  based  on  the 
prvtectrd  area  Sp  Very  often  drag  coefficients  of  parachutes  arc  given  in  terms  of  the  total 
canopy  area  S(1  and  arc  denoted  (  ,)().  Then  ( j)t>  =  (Sp  Sp  K  f)p 

Parachute  design  depends  on  considerably  more  than  just  the  drag  coefficient  figure  272 
indicates  that  a  hemispherical  shell  at  an  angle  to  the  inflow  can  develop  a  lift  Ulus  a  simple 
hemispherical  canopy  can  reach  an  equilibrium  situation  by  gliding  at  some  angle  different 
from  the  dragline  direction.  However,  this  gliding  mode  is  usually  overwhelmed  by  oscillations 
in  which  the  resultant  aerodynamic  force  rotates  and  can  cause  a  pendulum  or  rocking  motion 
of  the  load  as  well  as  causing  the  entire  chute  to  “cone”  about  the  drag-direction  axis  Some 
experimental  data  about  hemispherical  parachutes  are  given  by  Seller  and  Gale A  totally 
stable  canopy  would  be  one  having  neither  pendulum  oscillations  nor  coning  motions  How¬ 
ever,  the  usual  term  “stable  canopy"  refers  to  a  configuration  where  the  oscillations  are 
confined  to  small  angular  excursions  and  arc  not  objectionable  or  dangerous 

Porosity  of  the  fabric  can  help  to  reduce  the  large  oscillations  of  an  impervious  canopy, 
however,  it  also  reduces  the  drag  coefficient  of  the  shape,  see  figure  27.4 

Other  important  factors  are  the  strength  of  the  fabric,  the  opening  shock  factor,  the 
opening  reliability,  and  velocity  limitations.  These  are  all  discussed  in  the  I'SAI  Parachute 
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Figure  271  Drag  Coefficients  of  Sheet- 
Metal  laps  as  a  f  unction  of 


figure  273  Drag  Coefficient.  Based  on 
frontal  Area,  of  Pervious  Sheets  and 
Parachutes,  as  a  Function  of  the 
Velocity  Ratio  *  f\ 

r 

IVfirw.1  fn>  fnasimani  cm*  vctKNUl  im. 
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Handbook.217  In  general,  the  velocity  limitations  can  be  scaled  from  air  to  water  by  using 
the  dynamic  pressure  q,*,  = 

Shape  is  very  important  for  stability.  A  beretlike  shape  will  markedly  decrease  the 
typical  oscillations  of  a  parachute.  The  so-called  guide-surface  parachute  achieves  this  shape 
and  is  known  to  have  good  stability  characteristics.  Some  typical  shapes  of  parachutes  are 
shown  in  Figures  274  through  27 h.  The  ribbon  canopy,  for  example,  is  good  for  stability 
because  of  its  porosity,  however,  it  has  a  higher  opening  speed  and  a  lower  drag  coefficient. 
Details  of  these  canopies  and  many  others  are  given  in  the  USA!  Parachute  Handbook 

The  table  in  Figure  277  gives  a  summary  of  the  important  characteristics  of  parachute 
canopies.  Intricate  variations  of  many  other  parachute  types  are  discussed  by  Brown  * 18 
Parachutes  in  water  have  already  been  successfully  used  in  braking  experiments  with 
surface  ships.  For  example,  a  series  of  experiments  with  models,  small  ships,  and  a  huge 
tanker  are  reported  b>  Mitsubishi  Heavy  Industries."'  The  10-foot-diameter  parachute 
pictured  in  Figure  27Ka  was  used  to  produce  a  drag  of  30  long  tons  at  lb  knots.  A  multiple 
chute  system  was  demonstrated  as  being  capable  of  reducing  the  stopping  distance  of  a  tanker 
b>  a  half.  V^ith  discharge  slots  to  give  porosity,  and  thus  stability,  the  hemispherical  parachute 
of  Figure  27ha  has  a  projected  drag  coefficient  (  I)fi  =  1.18,  which  means  that  (  j)0  "  0.59, 
Many  configurations  of  stable  gliding  parachutes  have  been  investigated  experimentally. 
For  example.  Wciberg  and  Mort"4  present  wind  tunnel  data  about  several  different  arrange¬ 
ments  of  slotted  chutes  and  groupings  of  parachutes  that  resemble  parawings. 

DROGUES 

A  drogue  is  similar  to  a  parachute,  being  a  fabric  drag-producing  surface  that  can  be 
used  to  slow  down  and  or  to  stabilize  a  moving  body  Traditionally,  the  fabric  surface  of  a 
drogue  is  a  surface  of  revolution. :i*  It  is  often  in  the  shape  of  a  frustum  of  a  cone.  How¬ 
ever.  now  the  term  includes  other  types  of  drag  surfaces  such  as  the  ’’cross"  of  Figure  279 
Some  examples  of  several  drogue  types  arc  shown  in  Figure  279.  along  with  their 
characteristic  drag  coefficient  C|Jo  or  The  f0o  has  been  discussed  earlier,  and  the  drag 

coefficient  C,)t  is  based  on  maximum  cross  sectional  area  of  the  drogue. 

DISCUSSION  The  use  of  a  parachute  for  emergency  recovery  of  a  marine  vehicle  has  been 
suggested  before.  Several  disadvantages  are  evident  The  speed  of  the  vehicle  may  be  inappro¬ 
priate  for  use  of  a  parachute  of  a  given  size,  either  too  slow  or  too  fast.  Another  problem 
would  be  to  provide  deterioration-proof  storage  of  the  parachute  plus  its  ejection  device. 
iX-plov  ment  would  be  at  most  a  one-shot  affair  at  some  unspecified  time  in  the  lifetime  of 
the  submarine,  and  the  storage  volume  would  be  difficult  to  justify. 


It  is  interesting  to  speculate  on  the  possible  effectiveness  of  a  buoyant  parachute 
balloon,  into  which  air  or  some  other  gas  may  be  injected  upon  deployment.  The  inflation 
by  the  gas  would  hasten  deployment  and  also  would  augment  the  force  exerted  by  the  drag 
producer. 
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Figure  277  Average  Performance  Characteristics  of  Parachute  Canopies 


[  „  *  drag  ciwffldrat  ha»d 
U0 


canopy  dumcirr  «  (4Sg  HI*  «  proptird  damcln.  *  toul  fabnc  un  o f  canopy. 

t«rd  mi  ar«a  5L..  ISA!  Panctmtr  Handbook. 


AVtHAGl  r|  Ml  OHM  ANCt  CM  A  It  AC  T I  HIST  ICS 
Of  PASACMUTt  CANOettS 


379 


CO*S»Nucm>  V«A n 

D«AMf  7|  N  HAItOS 

ON  AC  COlFMCflHf 

-  t  *.  N 

STAiUlTV 

CANON*  TvNf 

n  AH  Vif  A 

9*0*11  C 

Vll  A 

«V® 

0„4> 

nahc.c 

AVI  H  At* 
IPNIIIM 
OfS*G*  I 

1  acton 
iiM  iHill 
MASS' 

Ml  MAMAS 

AVG  AHGlf 
O*  OSOll 

*  CAT  ClACOl  AN 

Lvi 

0  70 

1  1 

1  000 

co.  I 

0W.  0*0 

. 

c? 

>70 

UHSTAill 

•JO* 

1  *T|HOI  HP  SN'Nt 

(  ) 

M  ;  • 

•  /  I 

*  \ 

-  o  7*  ; 

t» 

c°. 

0  6s  on 

COc  i 

0  70 

-  I  • 

UMSIASCI  ■  K‘ 

- 

CiU'OI  SUN*  AC  1 
<tTA»»il/AT»ON 

' 

>  %y  i 

o 

- 

!  *  1 7  ! 

1 « »ON 

fOCaONIS 

Co 

0*10 

1  -----  ] 

°0 

09* 

j  -it 

ST Ail  I 

1 

•  t® 

r  | 

□ 

GU>0<  SON  *  ACl 
N«ill*S 

< 

> 

•  ■ 

1  j 

««1»ON 

«o  mm 

Co 

o  T%  on 

|  Co 

0(0 

.j 

il-ll  | 

stAau 

jl* 

9  ! 

GCNCI  SON f  ACl 

•M  NSOHHI  l 

o 

W  «  m 

-on  ' 

1  It 

1  COc 
(INN  0K> 

Co® 

0  7? 

-  1  7 

ST  Ail  | 

5  7* 

NOTAIO*!. 

jt) 

'iV 

- 1  - 

c, 

on 

0%)  0*0 

- 

co0 

0  7i 

«n  1  0* 

1  ST  Ail  1 

.«* 

[' 

SMANfO 

CO*»i(  Ai  I 

• 

>  - 

,  -  Q  70 

i  ai 

co. 

ow  on 

Co. 

am 

-  1  • 

- 

OMSTAflll 

•10* 

< 

i  i 

»«St 

Q«7 

|  ’  ano 

Cq 

o«*  OS* 

L—  -  .  J 

- -j 

COo 

0» 

-  f  0* 

- 1 

ST  Ail  f 

•  r 

• 

NiNG  UOT 

L  —  ...  j 

• 

1  "*** 

Q  70 

1  ’  aoo 

Co. 

i  0  4S  0  NS 

<«>• 

0  vs 

1  -  10* 

ST  Ail  ( 

1 _ 

;7* 

1 _ 

Figure  27H*  Parachutr 

21 

SEPARATOR 

-*■ - c*-'  \  -•  SWIVEL 

C  Li  L  A 

CAPSULE  wtyiEc  SHEAR  KNIfE 

PARACHUTE 


F«urr  278b  (  apuilr 


Figure  2’H  Parachute  and  Deployment  System  Dined  fur  a  Full-Scale. 
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Figure  279  Examples  of  Drogues 
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NAME:  Parawing* 

DEFINITION  AND  OPERATION:  Parawing  is  the  name  given  to  families  of  flexible  wings  that 
have  been  developed  primarily  by  NASA.  The  idea  of  a  flexible  wing  is  to  have  a  foldable 
winglike  device  that  can  be  deployed  when  desired  and  can  be  stored  otherwise  in  a  compact 
package.  Unlike  a  parachute,  the  parawing  should  have  maximum  lift-to-drag  ratio  and  good 
stability  and  control  characteristics  in  gliding  flight.  Such  devices  could  be  used  in  an  emer¬ 
gency  situation  to  decelerate  a  moving  body  in  a  fluid  and  to  give  a  measure  of  maneuvering 
control  for  recovery. 

RogalloJIS  has  presented  a  brief  survey  of  the  various  types  of  parawings  and  the  gross 
aerodynamic  performance  Campbell,**’6  for  example,  has  discussed  the  application  of  deploy¬ 
able  parawings  specifically  for  the  gliding  recovery  of  spacecraft. 

Force  Estimates.  Kogallo"'  has  provided  the  wing-performance  spectrum  of  Figure  280 
which  shows  how  increasing  rigidity  increases  the  maximum  hft-to-drag  achievable  with  a  wide 
variety  of  wing  types  It  should  be  remembered  that  for  strength  reasons,  all  flexible  wings 
are  inherently  limited  in  their  ultimate  aspect  ratio,  whereas  rigid  wings  can  be  built  with  very 
large  values.  The  (I  D)  values  in  this  figure  reflect  this  difference,  in  part,  and  represent 
extremes.  Tvpical  values  of  (1  1)1  are  more  modest  than  those  indicated  in  figure  280. 

Three  examples  are  given  here  of  wings  from  the  flexible  end  of  the  rigidity  spectrum. 
Figure  281  shows  the  lift.  drag,  and  I  I)  for  a  single-keel,  all-flexible  parawing  attached  to  a 
small  lilting  body  The  (L  D)  is  about  2.5.  By  separating  the  rigging  attachment  points,  a 
slightly  higher  1  I)  c-.i  be  achieved  Also,  providing  a  greater  longitudinal  spread  of  the 
attachment  points  on  the  body  was  found  to  give  better  directional  alignment  of  the  body  in 
flight,  see  Bugg  and  Sleeman”  for  other  arrangements. 

A  twin-keel  parawing  with  ram-inflated  upper  surface  tubes  is  shown  in  Figure  282.  This 
presentation  of  data  from  Fournier”*  illustrates  another  point  about  flexible  wings,  maneu¬ 
vering  forces  are  obtained  bv  differential  lengthening  and  shortening  of  the  ngging  lines 

More  rigidity  can  be  built  into  a  flexible  wing  by  using  inflated  cylindrical  tubes  along 
the  keel  and  along  the  leading  edges  Figures  28.T  and  284  show  the  model  arrangement, 
force  definitions,  and  data,  ftom  an  experiment  with  such  a  parawing  ”9  Figure  285  shows  a 
collection  of  aerodynamic  data  versus  angle  of  attack  for  another  parawing  with  thick, 
rounded  leading  edges 

Figure  28h  shows  a  comparison  of  I  l)  for  cylindrical  and  conical  shaped  parawings  with 
aspect  ratios  2.8  and  6.  These  wings  have  rigid  streamlined  leading  edges 

There  arc  numerous  NASA  publications  describing  a  great  variety  of  flexible  wing 
configurations.  Some  general  theoretical  work  about  the  shape  and  structural  aspects  of 
parawings  has  also  been  published,  sec  for  example,  the  work  by  Nielsen  ct  al.J,°  and  by 
Spangler  and  Nielsen. 1,1 


T82 


DISCUSSION:  For  use  in  water,  the  all-flexible  parawing  with  inflated  cylindrical  tubes  along 
the  keel  and  leading  edges  (Figures  283  through  2851  may  be  especially  interesting  II  these 
tubes  were  nude  large  enough,  considerable  buoyancy  could  be  provided  in  addition  to  the 
hydrodynamic  forces  on  the  parawing  shape.  In  an  emergency  situation  such  a  buoyant- 
parawing  could  be  inflated  rapidly,  using  high-pressure  air  upon  deployment 

l'he  principle  disadvantages  of  an  emergency  parawing  are  the  same  as  with  a  parachute. 
Another  problem  area  would  be  how  to  control  simply  the  gliding  performance  of  a  parawing 
from  inside  a  submarine. 
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PATENT  CATEGORIES  SEARCHED 


As  part  of  the  research  performed  for  this  survey,  a  search  of  patents  seas  made  that 
covered  the  pertinent  subclasses  of  three  major  patent  categories  as  listed  in  the  "U  S  Patent 
Office  Manual  of  Classification."  The  three  classes  searched  vs  ere 

(LASS  244.  A I  RONAUTICS 
CLASS  114.  SHIPS 
C  LASS  115.  MARINI  PROPUl  SION 

lasts  of  the  subclasses  of  these  main  classes  are  reproduced  here  from  the  Manual  ol 
Classification.  The  starred  items  (•)  received  special  attention 

The  search  provided  a  background  matrix  of  ideas  and  breadth  to  the  review  of  the 
open  technical  literature 
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e  g  .  fU»l 

27 

Airship  and  paddle  wheel  sustained 

3  33 

He  movable 

26 

Airship  and  beating  wing  sustained 

3  26 

Sliding 

29 

Airship  and  fluid  sustained 

3  37 

C  dUpsibie 

30 

Airships 

3  3* 

L*«ig itudinallv  rotating 

31 

Balloons 

3  N 

Radially  rotating 

32 

A Hh  parachutes 

3  3 

1  vtending  bev  ml  rear  of  missile 

33 

C.  apti  ve 

IVS 

SI*  AC  1  IK  APT 

•  34  H 

AIRCRAFT  SCST1  NT  AT ION 

139 

Space  stall’ >n 

34  A 

Annular  airfoils 

190 

Heentrvr  vehicle 

33  H 

Sustaining  airfoils 

191 

Hendeivou*  and  diking 

35  A 

.  C  impressible  flow 

163 

Mamed 

36 

Lifting  fuselages 

163 

1  nvir  mmental  control 

37 

Lifting  atruta 

164 

Attitude  control 

)■ 

Hesihentlv  mounted 

165 

By  gvr  >sc  *|W  >r  (Ivw-heel 

3» 

Rotatable 

166 

Pi  magnetic  effect 

•  40  H 

Lift  rmidlfication 

167 

Pi  gravity  gradient 

40  A 

Vorte*  generator 

166 

Pi  aoLar  prnairr 

41 

Special  surfaces 

169 

By  |ft  motor 

•  43  H 

VaruM* 

170 

Hi  nutation  damper 

42  A 

(.  isvdi t ion  r e  sponsi re 

171 

With  attitude  en*>r  mean* 

43  H 

With  landing  gear 

172 

>6  ith  pr'  tsilsion 

•  43  < 

BIX 

173 

A  t*h  s.|ar  panel 

•  431  A 

Nose  slot 

•  4  H 

AHU  ft  A  FT  .  MLAVIFH  THAN  -  AIK 

•  43  C  H 

With  trailing  edge  flap 

4  A 

lv«fi  attached 

•  43  CC 

Blowing 

3 

Airplane*  weight  diminished  by  buoyant 

•  43  C  D 

Coanda  effect 

6a* 

•  42(1 

Blowing  and  suction  combined 

6 

Airplane  and  helic  f»ter  sustained 

•  42  C  l 

Stic  t  ton 

' 

C  invertible 

42  CG 

1 

Rotary  *mi 

•  42  C  M 

7  P 

Tail  sillers 

•  42  l> 

Flaps  and  or  spoilers 

1C 

T (Mine  etf>c 

•  42I’A 

Trailing  edge  flaps 

6 

Airplane  and  an  In -rota  tine  *>nf  sustained 

•  42  nn 

Fowler  tvpe.  i  e  .  variable  gap 

9 

Airplane  and  pnddlr  wheel  wustamed 

•  42  IX 

Split 

10 

Airplane  and  cvlindrical  rotor  sustained 

43 

Area 

11 

Airplane  and  heating  wing  sustained 

44 

.  a  .  .  Camber 

•  12  H 

Airplane  and  fluid  *j  stained 

43  H 

Arrangement 

•  13  A 

Thrust  tilting 

45  A 

Canard 

•  13  l» 

I Aral  pr>pula»on 

46 

Variable 

•  lit 

Circular 

47 

(hhedr  al 

•  131’ 

Thrust  diverter 

46 

lnrt<4#ncr 

•  13  4  Vk 

Channel  wing 

49 

Folding 

13 

Airplane  sustained 

50 

AIRCRAFT  I’RO  11  1 JBCIN  AND  STF-F.RING 

14 

Aerial  torpedws 

ON  LAND  OR  A  AT  I  R 

IS 

Fluid  pr* »pelled 

•  31 

AIRCRAFT  STORING  I’ROPUl  SKJN 

16 

Glider 

31 

Fluid 

•  17  11 

Heli r  .jder  >r  auto- rotating  tint  sustained. 

33  R 

AIRCRAFT  POWER  PLANTS 

I  e  gvroplanes 

53  A 

Starter* 

33  R 

Air  intakes 

.190 
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CLASS  244.  AERONAUTICS 


244  2 


AIRCRAFT  POWER  PLANTS 

42 

Stabilising  weights 

24 

Mounting 

44 

Ballast  st4>rage  and  release 

22 

Ar  rangement 

42 

Ballast  making 

M 

Tilting 

44 

Airship  control 

27 

Radiator  arrangement 

41 

Buoyancy  varying 

M 

Auxiliary 

44 

.  Gas  bag  inflation 

5* 

High  altitude 

44 

Gaa  release 

40 

T  ran  ecru  aaton  at  power 

100R 

LANDING  GEAR 

41 

Power  plant  using  airship  gas  as  fuel 

looc 

Endless  track 

42 

AIR  CRAFT  PROPULSION 

100  A 

.  .  Inflatable 

42 

launching 

101 

Amphibian 

44 

Manual 

I02R 

Retractable 

42 

Screw 

102  A 

lnterc>nnected  elements 

44 

Tilting 

102  SL 

Stmt  locks 

47 

fh*dv  encircling 

102  SS 

Stmt  shortening 

44 

Elongated 

102R 

Wheel 

44 

Contra -prx>peller  arrangements 

102  2 

P  re  rotation 

TO 

Paddle  wheel 

102  VA 

Croat  wind  gear 

71 

Reciprocating  propeller 

104R 

Reaihently  mounted 

72 

Beating  wing 

104  CS 

Coil  ^nng 

72  R 

Fluid 

104  EP 

Muid  pressure 

72  B 

Vacuum  induced  by  radial  flow 

104  15 

l^eaf  spring 

72  C 

Radial  outward  and  downward  fl  >w 

102 

Water  landing 

74 

Esploaive  |et 

104 

Firing  boat 

•  72  R 

AIRCRAFT  CONTROt 

107 

Emergency 

72  A 

Mutter  prevention 

104 

Skids 

•  74  R 

Automatic 

104 

Tail  supp  rts 

74  A 

M  *tor  torque  control  of  flap*  or  tat** 

•  110R 

RETARDING  AND  RESTRAINING  DEVICES 

74  B 

Velocity  operated  devices 

1 10  A 

Brake 

74C 

Gust  compensators 

1I0B 

Thrust  reversers 

74  J 

Stew  rattle  lets 

hoc 

Cable  or  net  supp*rt 

77  R 

Flectric 

•  hod 

Aerodynamic  braking 

’"A 

Glide  path  control 

HOF 

landing  platforms 

77  B 

Course  finding  and  computing 

nor 

Snares 

77  C 

Radio  control 

HOG 

Arresting  hoods 

770 

Altitude,  speed  and  angle  of  attach 

110H 

F  netton  brakes 

control 

111 

Wheel  brake  arrangement 

77  E 

Bans  control 

112 

Water  brake  arrangement 

77  r 

Trim  nwitml 

•  112 

Aerodynamic  retarders 

77  G 

Acceleration  rrgkmtor 

1 14  R 

LANDING  FIE  IT)  ARRANGEMENT 

77  M 

Monitor 

114  B 

Blast  deflectors 

77  V 

Oer •  ride  of  automatic  tn  human 

112 

Mooring  devices 

7i  se 

Selective  engagement 

114 

Movable 

772 

Jtoftener 

H7R 

AIRCRAFT  STRUCTURE 

77  07 

Head  tfetne 

11 7  A 

Skin  exiling 

77  25 

Space  ship* 

1 1*  R 

Special  passenger  and  cargo  arcom  dsti  »ns 

74 

Fluid 

IMP 

Passenger 

7* 

Gyroscope  sc  rusted 

114 

fuselage  and  body  construct!  >n 

to 

Gravity  actuated 

120 

Sectional 

41 

Operated  tn  landing 

121 

Shield*  and  other  protective  devices 

42 

\  an#  > periled 

1 22  R 

Neats  and  safety  belts 

•  42  R 

Pilot  operated 

122A 

Election  sett* 

42  A 

locking  devices 

I22AB 

Catapult  and  rocket  combined 

42  B 

S  vfti  steering,  single  control 

122  AC 

Catapult 

42  C 

Plural  surface  bv  single  control 

122  AD 

Rocket 

42  0 

Feel 

I22AF 

Automatic  sequence 

42  E 

Electrical  pick-up 

122  AF 

Canopy  release 

42  r 

Controllers 

122  AG 

Restraint  piaitiontng  and 

42  G 

Control  systems 

protective  devices 

42  H 

Variable 

122  AH 

Seat  separation 

42  K 

Cable 

122  R 

Safety  belts 

42  2 

Linkage 

122 

Airfoil  construction 

44 

dual 

124 

Sectional 

42 

Hydraulic 

122 

Airship  hull  construction 

44 

Rudder  bars  and  pedal* 

124 

Air  shir  skin  construction 

47 

Rudder*  and  empennage 

127 

Airship  1  nd  attachment 

44 

Rudders  uni  re  r  sail  v  mounted 

124 

Airship  gas  cell  const  me  ti  m  and  arrange 

44 

Elevator*  tr>th  front  and  rear 

meet 

•  40  R 

Ailerons  and  other  roll  control  device* 

1 24  R 

Details 

•  40  A 

Roll  control  sp'ilers 

1 24  D 

,  .  ,  Dbor 

•  40  B 

Balanced  air  pressure 

1  24  H 

Hand  bile  overt 

41 

Vertical  fine 

174  S 

Steps 

•  42 

Stabilising  pr  tpeller* 

I2»W 

Wlsdsvi 

1 


n 


244  3 

HASS  >44. 

AOU  HAFT  STRUCTURE 

Detail* 

12V  >  P 

hr#  pr#v#nlh«  drum 

150 

Arrndimniic  irmiimr  rrAinnj 

131 

Joints  ami  connections 

i>] 

Skin  >a  R'ening  ‘Wsirn 

IIS 

Mst« rials  of  construction 

IJ4H 

Ir#  prrvmtkn 

134  A 

fletiMe  surfaces 

134  11 

Mridni  fluid  m  airfsul 

134C 

l».nn|  fluid  .m  airfoil  tittrior 

134H 

Electric 

134  1 

Ns'urc  of  surface 

n«  r 

Imtiatiiri  and  indicators 

1  IS  K 

lurl  sippfi 

USA 

Aircraft  rrfurlini 

135  II 

HetiMe  containers 

use 

1  uel  balancing  sv  stems 

136 

Via t anal  daarhar gtng  and  diffusing 

1  37  R 

Passenger  and  r argo  loading  and  discharge 
mg 

117  P 

Paaaangar 

1  IS  H 

■vAIF  TS  MMEHINC  DEVICES 

IMA 

H..ta?.ng  isnea 

13V 

Entire  aircraft 

MO 

Passenger  nimpii'mtnt 

141 

Neat 

142 

Parachutes 

143 

(4rm«nt  attached 

14* 

Aircraft  elamant  comer  tihle  to  parachute 

143 

(anfi  cvmatructi.m 

146 

Inflated  bracing 

147 

Storage  and  release 

146 

Parks 

1  44 

Open ing  deuces 

iso 

Timing  mechanism 

ISI  R 

ISI  A 

Parachute  harness  connection 

i5i  n 

Parachute  load  releasing 

IS] 

Control  demes 

1SSH 

KlTTs 

1  S3  A 

Rotating 

154 

Airplane  ipr 

1  S3  R 

Accaatsir  ies 

155  A 

Kite  controls 

DIGESTS 

IXC  1 

Fla  a  sung 

we  J 

InflataMe  evacuation  slide* 

October  1»75 
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Cl-ASS  114.  SHIPS 


October  19TS 


Original  Classification  ISOS 

44 

VCSSCl  RAISING  AND  DOCKING 

4S 

.  Floating  dry  dorks 

SR 

MI9CE  l.LANEOfJS 

44 

.  .  Sect!  >nal 

0  SBD 

nottitti  boat  dock 

47 

.  .  End  gates 

0  JF 

Float  atructuraa 

4S 

elevators 

0  ST 

Floating  atoraga  tanka 

4S 

.  Centals,  caissons.  and  pontoons 

0  SO 

Drilling 

SO 

Submersed 

0  SA 

Filing  vaaaala 

SI 

.  .  Hoi  ■  tine 

0  SRC 

Sbrlaca  claaning  vaaaala  and  garbage. 

Si 

Air  tanks 

■avtga  and  rafuaa  handling 

SI 

Cnmels,  raisons,  and  ptntoons 

1 

warships 

S4 

Inflatabis  bade 

1 

Rama 

ss 

Sand  end  mud  looesntid 

I 

Hat  taring 

s« 

PORK 

4 

Floating  battartaa 

S7 

Sr  re* -propel Isr  type 

S 

Turret 

SS 

Peddle  sties lere 

• 

Combined  elevating  and  rotary 

ss 

Spindle 

T 

El  a  rating 

so 

Cenel  and  terry  boats 

( 

Rotary 

61 

Divided  hull 

t 

A  r  mo  rad 

61 

Conrtve  bottom 

10 

Da  fl  actors 

61 

Flat  bottom 

11 

Halting  and  plating 

•SR 

BUILDING 

11 

Compound 

SS  A 

Concrete  Hope 

IS 

....  Buffers 

SS 

Obeervation  boa<e 

14 

Srraana  and  rfualda 

SS  SR 

Hvdroplane  bnele 

IS 

Concealment 

ss  sr 

Rintnotu 

•  14R 

SUBMARINE  VMELS 

6«  SH 

Hydrotoile 

ISA 

I'ndarwatar  am  mm  mg  vehicles 

SS  5P 

Plentn(  member. 

ISP 

Conning  tower 

ss  ss 

Stepped  bottom 

ISC 

Fartaeopt 

S7R 

Anulrirtton  aurtaree 

ISO 

Vantllatvm 

S7  A 

Air  and  oil  him. 

ISC 

Ballaating 

SS 

Irc-bmergihle  veaaela 

isr 

firing  planaa 

SS 

lining.  and  flllii*. 

ISC 

IVivar  plants 

70 

Canal  and  fr-rv  boat* 

n 

Torpa^i  boat  a 

T1 

Cabtna 

IS  4 

Ufa  and  raaaal  taring  devices 

71 

Freighter. 

IS  s 

Buoy  a 

T3 

Bulk  rar. 

IS  4 

Escapes 

74  R 

liquid 

IS  7 

Dnata  and  buora 

74  T 

Fl'enng  lank 

IS  S 

Salvage 

74  A 

Double  hull  or  inaulated  tank 

IS 

Trmrrno  boats 

TS 

Antiahifitnc  devirei 

IS 

76 

Cetlinga  and  floora 

10R 

tor  rr  DOES 

77  R 

Sectional 

10  A 

VNsvar  plants 

77  A 

Honeontal  aernona 

10P 

Nat  rutting 

TS 

Bulkhead  and  compartment 

11  R 

Eaiarnal  control 

7SR 

Iron 

11  W 

Remote  controlled 

7»  IS- 

Welded  point 

SI  A 

Homing-all  kinds 

SO 

Corrugated 

11 

Separable  sections 

St 

Tubular 

11 

Steering  mac  ham  «n 

SI 

Wood 

14 

Gymeenpe 

11 

Brannf  and  etarinc 

IS 

Depth  regulation 

64 

She.thinf  and  plankitd 

IS 

scows 

SS 

Darke 

r 

raimping  and  unloading 

ss 

Cal  to  of  and  seaming 

is 

Retioaal 

•  7 

Knees 

IS 

Hinged 

44 

.  J  - in!  i 

10 

Separable 

SS 

SPARS 

SI 

Platform 

so 

Meats  and  maa’mc 

11 

Tilting 

SI 

9einpa| 

11 

Camera 

SI 

Croat  and  trestle  tree. 

14 

OWHUfUl  > 

SI 

Coats,  thtelda.  and  etep. 

IS 

Si  da  dvora 

S4 

Heads  and  irons 

IS 

Bottom  knri 

SS 

Varda 

17 

Flooding  ga'e« 

ss 

T ru.ee.  and  parrels 

M 

IknniVf 

#7 

Gaffe,  booms,  etc. 

M 

SAILBOATS 

SS 

.  .  Pivoted 

40 

ICE  m  FAKERS 

ss 

Cmtebr.  and  supports 

41 

Rama 

100 

Spar  irons 

41 

Cutter  a 

101 

.  Fair  leader,  and  rhorka 

41 

ICE  BOATS 

102 

SAI15  AND  RIGGING 

41  SR 

MOTHER  SHIPS,  FLOATING  IAN  DING 

101 

Sails 

PI  ATfORMS  AND  HARBORS 

104 

Reeftna  and  hirltng 

41  SVC 

Vaaaal  carrier 

105 

Fore-and-aft  sails 

41  SAC 

Aircraft  earner 
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SAlldi  AND  RIGGING 

169 

Sail# 

no 

Reefing  and  furltng 

171 

Fore-and-aft  aatla 

172 

104 

Rolling 

173 

10? 

Rolling 

174 

101 

fastening  devirea 

175 

too 

Ragging  arreea  and  stretchers 

176 

in 

Running  rigging 

177 

in 

Mae:  traveler  a 

176 

in 

Hoops  and  connections 

179 

114 

Crtnglea  and  hanka 

ISO 

IIS 

Cleea 

101 

114 

Bl  l  KHEAD6  AND  DOORS 

182 

117 

Dbora 

1 63  H 

114 

Automatic 

183  A 

II* 

Sliding 

184 

110 

Sliding 

185 

•  ill 

BAl  LASTING 

106 

•  Ill 

An  drolling 

187 

111 

Float# 

186 

114 

lifting  weight* 

189 

•  111 

Water  tanka 

190 

IN 

Fine  and  boar  da 

191 

117 

CENTERBOARDS 

192 

114 

Steering 

193 

IN 

Multiple 

194 

110 

Vertical  drip  and  pitted  awing 

195 

1)1 

Sectional 

111 

Pivoted 

197 

I)) 

Sectional 

196 

1)4 

Fan 

199 

1)1 

lateral 

200 

1)4 

lateral  swing 

201  R 

1)7 

lateral  tilt 

201  A 

1)4 

V ertiral  di  >p 

202 

IN 

Sectional 

203 

140 

RIELS 

204 

141 

Vertical  adjustment 

205 

141 

Bilge 

206  R 

14) 

Rocking 

206  A 

•  I44R 

STEERING  MECHANISM 

207 

I44RF 

1  t  el  r  .  r  tl 

206  R 

144  A 

Remote  control  ateering  excluding 

206  A 

manual  operation 

209 

I44H 

(Xnamic  anchor 

210 

!44( 

Wind  vane  operated 

211 

•  1 41 R 

Speed  retar dera 

212 

1  41  A 

Trolling  platea 

213 

14* 

Auxiliary 

214 

14? 

Paddlea  and  wheel* 

215 

144 

Channel* 

216 

144 

Keel 

217 

•  110 

Fluid  preaeure 

216 

III 

Jet 

219 

111 

Fine 

220 

111 

Foot 

221  R 

114 

Wheel  shah  gearing 

22!  A 

111 

Scree 

222 

144 

Intermediate  gear 

223 

117 

Right  end  left 

224 

in 

Intermediate  gear 

227 

11* 

Segmental  rack 

226 

140 

Wheel  and  drum 

229 

IM 

Intermediate  gear 

230 

•  141 

Rudder# 

231 

1*1 

Multiple 

232 

144 

Auxiliary 

233 

141 

Hanging  and  shipping 

234 

144 

Tubular 

135  R 

1*7 

Sectional 

235  WP 

.  .  Jury 

235  A 

135  ft 

135  F 

114-2 


Boat  bearing#  and  head# 
Brake# 

Hydraulic 

Lock* 

PORTS 

Slipper* 

Gun  jnri 
Hinged 
Light  and  air 
Minted  over* 

HAWSE  PIPES 
S l *ppe r  a  and  cover# 

Fnctlon  rollara 
SCUPPERS 
HUGE  DISCHARGE 
Wavt  itition 
Ejector# 

Shi  pa  motion 
A  ah 

SMOKESTACKS 
FURNITURE 
.  Cabtna  and  ataterooma 
l-ife  -preserver  racka 
Saif  -  leveling 
Bar  tha 
Single  pivot 
Chaira 
Tablaa 
VALVES 
lk>ai  plug  a 
Saa  cork  a 

CAB1  E  STOPPERS 
Chain 

HATCHES  AND  COVERS 
Inflatable  gaaketa 
Sliding 

With  faatanara 
TRAVEL ERS 
Tension  rehaver  a 
ANCHORS 
Explosive 
Fluke 
Pivoted 

taring  releaae 
Draga  or  aea  anchor  a 
ANC HGR  TRIPPERS 
VENTILATION 
Valve  a 

TENSION  REUEVERS 
Hu  id 
Cable 
Coupler  a 

Safety  releaae 

BITTS,  CLEATS,  AND  PIN  RAILS 
FENDERS 
Roller 

IMPLEMENTS 

tnder  eater  rutting 
Hull  cleaning 
RiggUll 

Calking,  paving,  etr 
LEAK  STOPPERS 
Interior 

Aprons.  matt,  etr 
MOORING  DEVICES 
Ferry  alip 
Oil  DISTRIBUTERS 
Ship  structure 
I  Hag  a  and  float  a 
TOWING 
.  .  Water  Mu  a 
Toe  coupling 
Submerged  toeing 
Cable  fairir* 
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CLASS  115.  MAH  INI.  PROPULSION 


115-1 


Original  CUftBlfU'Atton  1905 


5R 

MISCELLANEOUS 

66 

5A 

.  Automobile  driven  boat* 

67 

5B 

.  .  Motor  mount*  and  plural  prime  mover* 

17 

5E 

.  .  Exhaust 

16  R 

5RC 

.  .  Heating*  cool  in* 

5S 

.  .  Seal* 

16  E 

IR 

LAND  AND  WATER  DOATS 

18  A 

1  A 

Fully  retractable  wheel* 

18  B 

IB 

.  .  Amphibious  bridge*  and  (erne* 

•  26  R 

1C 

Air  propelled  Utats 

28  A 

I 

.  Pedomotnr* 

29 

3 

WIND  MOTORS 

30 

4 

WAVE  PROPULSION 

31 

5 

.  Oscillating  ••eight 

32 

« 

TOWING 

33 

•  I 

With  body  h*rn***.  handhold  or  remote 
control  for  tow  unit 

7 

.  Cable  system* 

4 

.  Track  system* 

9 

Ground  wheels  or  polers 

70 

SELF- PROPELLED  OCCUPANT  SUPPORT  - 
ING  SCR F BOARD  OR  SX1  TYPE 

II 

JET 

12  R 

Steering 

II  A 

Outt*>ard  jet 

15 

.  Explosive 

14 

Hydraulic 

15 

Pneumatic  drive 

14 

W'heel  drive 

19 

BUOYANT  PROPELLER 

30 

Rotary  hull 

21 

MANUAL  POWER 

22 

.  Catamaran 

22  1 

With  Uxly  harness 

22  2 

Water  Immersed  operator 

22  5 

Water  immer  *ed  operator 

23 

.  Paddle  wheel 

24 

.  Screw 

24  1 

.  Operator  supported  type  impeller 
(e  g.  .  »»ar .  scull,  etc.  1 

24  7 

.  .  Articulated  oar  shaft  e  g  .  b»»w 
facing  rower  type,  etc  1 

24  5 

Motion  transfer  thrtsigh  gearing 
or  flexible  member 

24  4 

Adhi stable  impeller  support 

24  5 

Medial  fixed  pivot  gunwale  tulcrucr 

24  « 

.  .  .  Closed  «>ar  lock  or  secure  connection 

13 

MARINE  PEDO MOTORS 

24 

Catamaran 

24  1 

With  body  harness 

24  3 

Water  immersed  operator 

77 

Bicycle  propelled 

34R 

SCREW  PROPELLER 

34  A 

Hydraulic  propulsion  system 

34  B 

Peripheral  mechanical  drive 

34  C 

Contra -Propeller 

33 

Steering 

37 

Multiple  screw 

34 

.  .  Side 

39 

.  Channel  or  wav 

40 

Self -clearing 

41  R 

Depth  regulation 

41  HT 

.  .  Hydraulic  tilt-up 

42 

.  Casing  or  shield 

47 

Prope/ler-«h*/t  brake* 

49 

PADDLE  WHEEL 

50 

.  Steering 

32 

Horizontal  or  inclined 

33 

Channel  or  wav 

54 

Depth  regulation 

CHAIN  PROPELLER 
.  Stcrrm*  and  BdJuitUblr 
CHANK  PADDLE 
Slmint  and  adjuaUbtr 
PORTABLE  PROPELLEHS  (E  G. .  OUT- 
BOARD  TYPE  I 
.  Sirarm* 

.  .  Electrical 
.  .  .  Auxiliary 

Rudder  a  lixed  to  outboard  all  of  acre* 
OSCILLATING  PROPELLERS 
Full  wivr  impeller 
Steering 
Reverawg 

RECIPROCATING  PROPELLERS 
Steering 
Hereralng 
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